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Abstract 
Strategies to optimize the recovery of recombinant proteins from plant hosts have 
been investigated. The use of different crops, different product molecules, and different 
separation techniques was studied to suggest modes of operation that reduce the overall 
processing cost for obtaining purified recombinant proteins from plants. 
Polyelectrolyte precipitation of ^-glucuronidase (GUS), an acidic model protein, with 
polyethyleneimine (PEI), a polycatonic polymer, from the extracts of canola, corn germ, 
soybean, and pea met with varying degrees of success. Precipitation from canola required 
the least amount of PEI and was capable of providing the highest enrichment (18-fold) of the 
four plant systems. In contrast, soy and pea allowed for an enrichment of only approximately 
1.3-fold with twice the dosage of PEI required for canola. These results suggest that for ease 
of purification by PEI precipitation (and likely other charged based separations), the matrix 
components (proteins, carbohydrates, phenolics, lipids, etc.) of canola are most suited for 
GUS (and likely other proteins with isoelectric point <7), while soy and pea may be more 
advantageous as a host for basic recombinant proteins. 
Expanded bed adsorption (EBA) was capable of processing a crude plant extract if 
the proper combination of column inlet design, resin, operating conditions and crude feed 
properties was chosen. For a corn endosperm extract, an inlet mesh (50 fim or 80 jam) was 
the most restrictive for EBA operation, as a crude extract with small corn endosperm solids 
of < 44 fj,m clogged the inlet. On the other extreme, mechanical mixing at the inlet allowed 
all crude feeds (with up to 550 p,m solids) to enter the column without disruption of flow. 
vi 
The chemistry of the EBA resin ultimately dictated what size of corn endosperm 
solids could be eluted during the expanded bed adsorption process. Application with DEAE 
and SP resins with higher density, capable of operating at higher flow velocities (> 450 cm/h) 
were not affected by solids of < 44 jam. However, processes employing Streamline resins 
with the same functionality, requiring a lower superficial velocity (180 cm/h), could not 
completely elute solids of < 44 pm. 
The large size (390 kDa) of the target antibody to be captured in this study resulted in 
extreme internal diffusion limitations during adsorption. Smaller resin particles allowed 
enhanced uptake rates of the protein, but breakthrough performance was poor for all resins 
evaluated. A process simulation and accompanying economic analysis for recovery of the 
antibody showed that complete clarification of the corn endosperm extract, followed by 
packed bed operation, would require approximately the same capital expenditure as the EBA 
process. However, the packed bed mode would require roughly one-fourth operating 
expenditure. 
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CHAPTER 1. GENERAL INTRODUCTION 
Motivation and Objectives 
The past five years has seen the commercialization of two recombinant protein 
products from transgenic plants, and many recombinant therapeutic proteins produced in 
plants are currently undergoing clinical trials. The emergence of plants as an alternative 
production platform has brought new challenges and opportunities to downstream processing 
efforts. Plant hosts contain a unique set of matrix contaminants (proteins, oils, phenolic 
compounds, etc.) that must be removed during purification of the target protein. 
Furthermore, plant solids, which require removal early in the downstream processing efforts, 
are generally in higher concentration, larger, and denser than traditional bacterial and 
mammalian cell culture debris. At the same time, there remains the desire to incorporate 
highly selective and integrative separation technologies (those capable of performing 
multiple tasks) during the purification process from plant material that have been developed 
for traditional sources. The current research addresses strategies to utilize the unique features 
of different plants for reducing the downstream processing burden, as well as developing 
protocols to implement existing separation methods to recovery of recombinant proteins from 
plants. 
We have explored the use of a polycationic polymer (polyethyleneimine) to 
precipitate an acidic model protein (^-glucuronidase - GUS) from several plant hosts. This 
operation served to evaluate polyelectrolyte precipitation - the precipitation of a relatively 
charged protein with an oppositely charged polymer - as an early fractionation/concentration 
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step in the recovery of recombinant proteins from transgenic plant material. This would be 
important in order to reduce the load sent to downstream chromatographic units. 
Additionally, we were able to investigate if the host could be chosen to simplify the 
purification of a recombinant protein from plants. In particular, we utilized polyelectrolyte 
precipitation to compare the ease of recovering GUS from canola seed, com germ, soybean, 
and pea. These results provided the framework to suggest advantageous matches of plant 
host with protein to ease recovery of the target protein. 
Along with the opportunity to simplify the purification process by matching the 
appropriate plant host with a particular protein, we also determined how genetic engineering 
of GUS could aid in the separation. First, we examined how additional negative charge 
density fused to GUS affected the polyelectrolyte precipitation and recovery of this model 
protein from crop extracts. Second, we evaluated the use of immobilized metal affinity 
chromatography for recovery of genetically engineered GUS containing a polyhistidine tail 
from a pea extract. 
The removal of solids from transgenic plant extracts (clarification) during recovery of 
recombinant proteins has largely been ignored or taken for granted in most studies completed 
thus far. Traditionally this step has been completed with a combination of centrifugation, 
solids washing, and filtration. However, an emerging technology, expanded bed adsorption 
(EBA), clarifies, concentrates, and chromatographically purifies a target protein from crude 
fermentation broths containing solid particles in one step. We have explored the feasibility 
of EBA for recovery of an antibody from corn endosperm and further optimized the process 
by considering different chromatographic resins, different column designs, and different 
operating conditions. Factors such as the extent of pre-EBA clarification requirements, 
3 
attainable yield and purification, and processing time have been evaluated. A process 
simulation was conducted to compare EBA (with requisite pre-EBA clarification) to the 
conventional route of complete solids removal followed by packed bed adsorption. 
Dissertation Format 
This dissertation is arranged in six chapters. References are located at the end of the 
chapter in which they are cited. Chapter 1 provides background information relating to the 
production and purification of recombinant proteins in plants, with emphasis placed on 
separation techniques, plants, and products to be utilized in the projects presented here. 
The next four chapters (2-5) are written as journal articles and present the 
experimental work completed to fulfill the objects discussed above. Chapter 2 presents 
results for the polyelectrolyte precipitation of ^-glucuronidase (GUS) from three different 
plant hosts (corn germ, soy, and canola). Genetically-engineered GUS containing negatively 
charged fusions were likewise evaluated. The second paper (Chapter 3) studies several one-
step recovery techniques to assess the ability to purify GUS from a fourth plant host (pea 
seed). Chapters 4 and 5 focus on the recovery of an antibody from com endosperm extract 
by utilizing expanded bed adsorption (EBA). Paper three (Chapter 4) looks at the 
compatibility of various EBA resins and column designs for use with corn endosperm 
extracts. Windows of successful operation are defined for acceptable combinations of 
column, resin, and degree of pre-EBA processing. Chapter 5 is an extension of the third 
paper to examine the adsorption characteristics of a target antibody to different EBA resins. 
Modeling was used to predict adsorption performance in packed bed operation and provide 
guidance for selecting the optimum resin to be used with EBA. EBA performance was 
evaluated and the overall process was compared to packed bed adsorption by conducting a 
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process simulation and accompanying economic analyses. Finally, the last chapter 
summarizes the major conclusions emerging from Chapters 2-5. 
Literature Review 
Recombinant Proteins From Transgenic Plants 
General Overview 
The first reports of transgenic plants in 1983 (Fraley et al., 1983; Zambryski et al., 
1983) introduced society to a technology that has changed, and will continue to change, crop 
production around the world. Initially most of the emphasis in the application of transgenic 
plants was in the development of favorable agronomic characteristics such as insect 
resistance (Vaeck et al., 1987), and control of bacterial, viral, and fungal diseases (Broglie et 
al., 1991 ; Nelson et al., 1988). While this has remained a major area of research, the past 
decade has also seen the emergence of plants as "factories" for the commercial production of 
valuable recombinant proteins. Numerous examples of heterologous proteins produced in a 
variety of plant hosts have been reported (Giddings et al. 2000; Kusnadi et al., 1997). 
Seemingly everything from small, monomeric proteins of prokaryotic origin (Turpen et al., 
1995), to complex, multimeric antibodies (Ma et al., 1995); and from low-value industrial 
enzymes such as a-amylase (Pen et al., 1992), to the "world's most expensive drug" -
glucocerebrosidase (Cramer et al., 1996) have been successfully expressed in plants. 
Today, implementation of plants as "bioreactors" has gone beyond its simply being 
viewed as an attractive potential to being a reality for the commercial production of proteins. 
ProdiGene (College Station, TX) has recently developed methods for the large-scale 
production, purification, and characterization of a diagnostic protein, avidin (Hood et al., 
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1997), and a research protein, (3-glucuronidase (Witcher et al., 1998), in transgenic maize. 
This has led Sigma Chemical Company (St. Louis, MO) to make these two enzymes the first 
crop-derived recombinant proteins available on the market. Although there are currently no 
reports of any heterologous proteins expressed in plants that have been approved by the U.S. 
Food and Drug Administration for direct use by humans or animals, there are several 
products on the horizon that could be marketed in the near future. For instance, several 
vaccines for animals (Hood and Jilka, 1999) and humans (Hood and Jilka, 1999; Richter et 
al. 2000) are undergoing clinical trials to demonstrate efficacy and safety. Also, successful 
clinical trials have recently been completed for a topically applied antibody produced in 
tobacco aimed at preventing tooth decay, but the product has not been commercialized (Ma 
et al., 1998). Clearly these examples of utilizing plants for the production of commercially 
valuable recombinant proteins are only the beginning of the widespread application of this 
technology. 
Plant agriculture, meaning crops grown in a field or greenhouse, offers several 
distinct advantages over other production systems. Perhaps the greatest advantages plant 
agriculture provides are the substantial reduction in production costs and ease of scale-up. 
Raw materials in the form of sun, water, carbon dioxide, and minerals are much cheaper than 
inputs for the other systems. Similarly, scale-up requires only that more land be devoted to 
plant production. Well-established methods for harvesting, transporting, and storing plant 
biomass also contribute to lower production costs (Whitelam et al., 1993). Furthermore, the 
ability to target recombinant proteins to natural storage organs (e.g. seeds and tubers) allows 
for prolonged stable storage (Bai and Nikolov, 2001; Fiedler and Conrad, 1995; Holzmann, 
1994; Kusnadi et al., 1998a; Pen et al., 1993; Stoger et al., 2000). 
A detailed process simulation found that it would cost approximately $43/g to 
produce and purify a recombinant protein in transgenic corn (Evangelista et al., 1998). For 
comparison, Young and co-workers (1997) estimated the cost of producing and purifying a 
recombinant protein in transgenic goats' milk would be $105/g. The same study also 
approximated the heterologous protein production in mammalian cell culture to be from $300 
to $3,000/g. It has also been estimated that, depending on the crop used and the expression 
level of the recombinant protein, plant agriculture is capable of producing proteins between 
2% and 10% as cheaply as E. coli (Kusnadi et al., 1997). 
A few potential concerns must also be addressed regarding the use of plant 
agriculture for commercial production of foreign proteins. First, while plants do correctly 
process mammalian genes to the extent that active product is made, they often yield slight 
differences in glycosylation patterns compared to the protein derived from its natural source 
(Giddings et al., 2000; Hiatt et al., 1989). This may lead to problems with efficacy if the 
product is a pharmaceutical; it could also potentially cause adverse reactions if the product is 
administered to humans or animals. This is a major hurdle to overcome when considering 
regulatory actions (Miele, 1997). However, these problems may be mitigated by further 
genetically modifying the plant to alter its glycosylation machinery, or by chemically 
changing the glycosylation pattern after isolation of the product (Ma and Hein, 1996). 
Another potential drawback is the public perception of genetically modified (GM) 
organisms in the environment, and the release of recombinant protein into unintended 
locations. While these do present some valid concerns, several strategies have been 
developed to overcome the accidental release of foreign protein. These include the use of 
inducible promoters so that active protein is only produced post-harvest, or by placing an 
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inhibiting fusion on the protein to block its activity until final purification (Cramer et al.. 
1999; Gray and Raybould, 1998; Parmenter et al., 1995). The use of GM plants in general, 
and especially for the production of pharmaceuticals, has been the topic of much debate 
(Dale et al., 2002; Daniell, 2002; Smyth et al., 2002; Snow, 2002). While there has been 
some disagreement on appropriate containment regulations and strategies for ensuring 
isolation, the one consensus has been that the greatest restrictions should be placed on 
transgenic plants containing pharmaceuticals, due to the potential immediate impact of the 
transgenic product. 
Other challenges to be faced are the low and inconsistent expression levels of 
recombinant proteins in transgenic crops, and the lack of downstream processing methods 
(Goddijn and Pen, 1995). However, consistently elevated expression levels are becoming 
more commonplace as the technology develops and as tailor-made expression cassettes for 
the recombinant protein are utilized (Hood et al., 1997; Richter et al., 2000; Witcher et al., 
1998). Downstream processing options for transgenic plant material continue to accumulate, 
as will be discussed in detail in the next section. 
Processing and Purification 
From its conception, the prospect of utilizing plants as factories for recombinant 
proteins was thought to hinge on the downstream processing costs (Whitelam, 1995). And 
while detailed cost analyses to date are scarce, Evangelista and co-workers (1998), by 
conducting a detailed simulation based on lab-scale data, have provided evidence that a high 
percentage of overall production costs are incurred during downstream processing. They 
showed that 94% of the annual operating costs (AOC) for producing and purifying (3-
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glucuronidase (GUS) from transgenic maize were sustained during seed fractionation (6% of 
AOC), protein extraction (40% of AOC), and purification (48% of AOC). Therefore, 
research to develop and improve downstream processing methods could be foreseen to 
greatly reduce the overall costs associated with many products, and perhaps to dictate (along 
with expression levels) the future feasibility for commercial application. 
Traditional agricultural crops (e.g. non-transgenic crops) have been processed for 
over one hundred years, with continual improvements over that time. Furthermore, 
numerous examples can be found where native plant proteins have been extracted and 
purified on a commercial scale for a variety of applications (Jervis and Pierpoint, 1989). The 
methods are, therefore, in place to form the foundation of processing and purifying 
recombinant proteins from transgenic plant material. 
The handling of transgenic plant material containing the recombinant protein of 
interest, from post-harvest to final formulation of the product, can be divided into three 
primary sections, as depicted schematically in Figure 1 : (1) plant material storage and 
fractionation/ processing ; (2) protein extraction and solid/liquid clarification; and (3) protein 
purification (Kusnadi et al., 1997). In general, the intended use of the heterologous protein 
may dictate if special processing requirements will be necessary for compliance with federal 
guidelines (Miele, 1997). Along with this, the particular plant host as well as the tissue 
within the plant where the product is targeted will influence the specific unit operations for 
each primary section. For instance, if the product molecule is a vaccine, there is much hope 
that the plant itself will be the final form to be sold to customers and thus require only the 
Harvested 
Crop 
Storage/Fractionation/ 
Processing of Plant 
Material 
• Potential Operations 
- Cleaning 
- Conditioning 
- Flaking/Dry 
Milling 
- Oil Extraction 
- Storage in 
5 
Protein Extraction and 
Solid/Liquid Clarification 
• Potential Operations 
- Solid/Liquid Extraction 
- Wet Milling 
- Vacuum Filtration 
- Centrifugation 
- Ultrafiltration 
- Expanded Bed Adsorption 
- Solids Drying 
- Extract Storage 
Spent 
Solids 
Purification 
Potential Operations 
- Precipitation 
- Aqueous Two-Phase Extraction 
- Adsorption 
- Various forms of Chromatography 
- Diafiltration 
- Expanded Bed Adsorption 
- Freeze Drying 
- Crystallization 
Final 
Purified 
Product 
Figure 1: General process to recovery of a recombinant protein from plant material. 
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standard processing of its regular food counterpart (Johnson, 1996). On the other hand, if the 
recombinant protein is to serve as a bulk industrial enzyme, or for diagnostic or therapeutic 
purposes, it will require varying degrees of purification. Those with pharmaceutical 
applications will demand the most downstream processing, as they should be at least 95-98% 
pure (Headon and Walsh, 1994). In all cases for human or animal use, proof must be given 
that pesticides and other chemicals used during crop growth have been removed, and the 
product must be free from microbial contamination (Miele, 1997). 
Reports concerning the downstream processing of transgenic plant material are 
beginning to accumulate. Table 1 lists several studies examining various aspects of the 
processing, extraction, and purification sections in detail. There have been extensive 
analyses conducted on maize and canola, while the downstream processing of other crops 
such as soybean, alfalfa, tobacco, wheat, and rice have been given only a superficial 
evaluation. A brief summary of the results and potential concerns coming from these reports, 
as they pertain to each of the primary downstream sections, follows. 
Storage / Fractionation / Processing 
(Refer to references given in Table 1) 
The main purposes of plant material processing are to reduce the biomass quantity 
and prepare the material for protein extraction. In studies reported to date this has consisted 
of isolating the tissue where the recombinant protein has been expressed (e.g. corn kernel, 
corn germ, canola seed, tobacco leaf, etc.) followed by cleaning, conditioning, and grinding 
(or other form of particle size reduction) of the plant material. For crops containing high 
amounts of natural oil (especially canola) the feasibility and/or necessity of oil extraction 
prior to further processing has also been considered. 
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Table 1: Downstream processing evaluations made on different crops 
Crop Protein Downstream Processing Evaluation(s) Reference(s) 
Corn Recombinant 
GUS 
• Stability of recombinant protein for 
different time, temperature, and moisture 
content storage conditions' 
• Degermination and dry milling' 
• Oil extraction (defatting)' 
• Protein extraction from various states of 
corn seed1 
• Purification1,2,3 
- Adsorption on anion exchange resin 
Hydrophobic interaction 
chromatography 
- Anion exchange chromatography 
- Size exclusion chromatography 
'Kusnadi et al., 
1998a; 
2Kusnadi et al., 
1998b; 
3Witcher et al., 
1998 
Corn Recombinant 
avidin 
• Protein extraction2,4 
• Purification2,4 
- Affinity chromatography (2-
iminobiotin) 
2Kusnadi et al., 
1998b; 
4Hood et al., 1997 
Corn Recombinant 
aprotinin 
• Protein extraction5,6 
• Purification 
Immobilized metal affinity 
chromatography (IMAC)5 
Adsorption with cation exchange 
resion6 
- Affinity chromatography (anti-
aprotinin antibody)6 
Reverse phase chromatography6 
5Azzoni et al., 
2002; 
6Zhong et al., 
1998 
Canola Recombinant 
GUS 
• Stability of recombinant protein for 
different time, temperature, and moisture 
content storage conditions7,8 
• Flaking and dry grinding7,8 
• Oil extraction7,8 
• Protein extraction 
Particle size effects7,8 
Particle size reduction technique 
effects8 
• Wet grinding7,8 
• Solid/liquid clarification of protein extract8 
• Expanded bed adsorption9,10 
7Bai and Nikolov, 
2001; 
8Bai et al., 2002; 
9Bai and Glatz, 
2002a; 
10Bai and Glatz, 
2002b 
Continued on next page 
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Continued from previous page 
Canola "Spiked" GUS 
• Purification by: 
- Anion exchange chromatography 
(with charge modified GUS)1 
- Immobilized metal affinity 
chromatography (with GUS + 
histidine fusions)12 
"Zhang et al., 
2001; 
12Zhang et al., 
2000 
Canola Recom. GUS 
with fusion 
• Purification of GUS+oleosin fusion by 
centrifugal flotation 
Van Rooijen and 
Moloney, 1995 
Canola 
"Spiked" T4 
lysozyme 
• Purification by: 
- Cation exchange chromatography 
(with charge modified T4 lysozyme)13 
Isoelectric precipitation14 
Polyelectrolyte precipitation14 
13Zhang and 
Glatz, 1999; 
14Zaman et al., 
1999 
Soy Recombinant 
GUS 
• Storage stability in seed Holzmann, 1994 
Soy IgG • Extraction, clarification, and 
chromatographic purification example 
Zeitlin et al., 1998 
Alfalfa Recombinant 
GUS 
• Protein extraction by maceration and 
stability in extract 
Austin et al., 1994 
Tobacco Thermostable 
xylanase 
• Purification by heat treatment Herbers and 
Sonnewald, 1995 
Tobacco A scFv • Storage stability in seed Fiedler and 
Conrad, 1995 
Tobacco IgG • Extraction, clarification, and 
chromatographic purification example 
Hein et al., 1991 
Wheat A scFv • Storage stability in seed Stoger et al., 2000 
Rice A scFv • Storage stability in seed Stoger et al., 2000 
Traditional processing operations such as flaking and milling work well for the 
transgenic plant material and do not compromise the integrity of the recombinant protein, 
regardless of whether it was targeted intracellular or secreted. Furthermore, the oil extraction 
of ground canola seed or corn germ with hexanes did not have a detrimental effect on the 
target protein. This has two important consequences. First, if the transgenic plant is a 
traditional oilseed, the potential exists to structure the overall process to obtain vegetable oil 
as a byproduct. Second, although keeping oil in the tissue during further processing did not 
affect the quantity of recombinant protein that could be recovered from the plant, it was cited 
as complicating the purification procedures. Thus, by removing the oil at an early stage the 
downstream operations were simplified. 
Finally, a recombinant protein (GUS) from canola and com was stable for over six 
months when stored at 10°C. If left at room temperature, however, GUS lost up to 20% of its 
original activity within four days. For elevated temperatures, such as those encountered 
during dry grinding, the recombinant protein was stable for the short residence time (< 2 min) 
expected during milling. In both storage and grinding, reduced GUS stability was found as 
the moisture content was increased. Long-term stability (> 6 months) of other heterologous 
proteins in different crops has also been demonstrated under unspecified conditions. 
Protein Extraction 
(Refer to Table 1 for references) 
The purpose of this stage is to release the recombinant protein from the plant material 
into an aqueous environment where it is stable and can be sent to further unit operations for 
purification. Two different types of extraction have been analyzed. The first, wet grinding, 
or homogenization of the plant biomass, has been conducted on whole canola seeds and 
green tissues, such as tobacco leaves and alfalfa. For this method no pre-grinding was 
necessary and high levels of active recombinant protein could be extracted in short times 
(maximum 5 min from tobacco). However, this method has encountered problems with 
recombinant protein loss when utilized for degermination of corn (unpublished data). The 
other alternative that has been considered is mixing a dry ground sample with an aqueous 
extraction buffer. Dry grinding serves to break the cell walls to release intracellular 
components and reduces the divisional length required for a protein to be extracted into the 
aqueous phase (Aguilera and Stanley, 1999). This has been the preferred method in most 
studies with corn and canola. 
Different size reduction techniques and the degree of particle size reduction affect the 
amount of recombinant protein (GUS) extracted from canola seed and the time necessary to 
reach an asymptotic value of extracted protein. Flaking the canola seed prior to milling and 
extraction resulted in more total target protein being released in less time compared to dry 
milling. This is in good agreement with results for similar extractions from other crops 
(Aguilera and Stanley, 1999). Particles with an average diameter equal to or smaller that 255 
jj.m provide faster extraction times for GUS from both flaked and milled canola seed. It 
should be noted, however, that the recombinant GUS was assumed to be located within the 
cell cytoplasm - much like the GUS transformed in corn (Witcher et al., 1998) - and not 
targeted to the secretory pathway. Unfortunately, no detailed study could be found that 
compared extractability of heterologous proteins (or native proteins) that were targeted 
intracellularly versus secreted via the endoplasmic reticulum. Addition of different salts, 
detergents, and protease inhibitors slightly enhanced recombinant protein extraction, but pH 
value often was the most important factor. 
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Another aspect of the protein extraction that has been an area of concern for non-
transgenic plant material is stability of the protein in the aqueous extract. Proteases and 
phenolic compounds are detrimental (e.g. causing denaturation and irreversible structural 
modification) to many proteins in an aqueous extract (Jervis and Pierpoint, 1989). 
Fortunately, the only example where a recombinant protein has rapidly degraded after 
extraction was for GUS extracted from alfalfa. This was despite the addition of several 
protease inhibitors. In all other reported cases the recombinant protein has displayed 
adequate stability in the aqueous extract. 
The first step in the recovery of recombinant protein from the slurry of extract and 
spent solids is to remove solids, expelling as much of the entrained liquid as possible. The 
studies completed thus far have almost exclusively utilized high-speed centrifugation to 
achieve this clarification. In one instance, however, the option of employing expanded bed 
adsorption (EBA) as an initial clarification/capture/concentration step was explored. Flow 
problems were avoided if solids larger than 50 p.m were removed prior to loading the extract 
on the column. Otherwise, the system became blocked and non-operational. 
Purification 
(Refer to Table 1.1 for references) 
The clarified extracts from canola and corn have been processed to recover a variety 
of recombinant proteins. For recovery of GUS (acting as an acidic model protein) from 
canola, several genetic engineering tools have been successfully applied. For instance, 
Zhang and co-workers were able to produce nearly pure GUS with one stage of 
chromatography using either an anion exchange resin in conjunction with charge-modified 
GUS, or immobilized metal affinity chromatography with histidine-tagged GUS. Similarly, 
the addition of an oleosin (oil body) fusion to GUS allowed for the target protein to be easily 
separated from an extract by centrifugal flotation. On the other hand, only a slight degree of 
purification of GUS from a clarified soy extract could be attained for all forms of charge-
modified GUS examined. T4 lysozyme (a basic model protein) was successfully purified 
from canola or soy by cation exchange chromatography with proper genetically engineered 
charge modifications made to the target protein. 
In GUS recovery from corn, an initial adsorption followed by three stages of 
chromatography (hydrophobic interaction, anion exchange, and size exclusion) was able to 
produce 95% pure GUS, but with only a 10% yield. Recoveries of both avidin and aprotinin 
from clarified corn extract were completed with the aid of specific affinity chromatography 
resins. Purity of the final product in each case was reported as > 90% with at least 30% 
yield. 
In nearly all of the chromatographic purifications (which have all been conducted at 
labscale), a clarified extract was loaded directly to the respective columns. This resulted in a 
high degree of resin fouling and pointed to the need for a fractionation/concentration step 
prior to the chromatography separation, especially when extended to larger-scale operations. 
The need for a capture step before adsorption/chromatography was also indicated in the 
economic analysis study referred to earlier (Evangelista et al., 1998), as the first adsorption 
stage accounted for 28% of the annual operating cost for the entire process. 
Two precipitation strategies have been evaluated as potential coarse fractionation 
methods. Isoelectric precipitation was analyzed for its ability to purify lysozyme from a 
canola extract. Although this was able to remove the majority of native canola proteins from 
solution, the target protein was left in the extract in a dilute form and still in the presence of 
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other native contaminants. Polyelectrolyte precipitation of lysozyme from canola or soy. 
with either of two polyanionic agents [poly(acrylic acid) and poly(phosphate)] showed 
limited success. 
Crop Selection for Recombinant Protein Production 
Overview 
Crop selection for the production of recombinant proteins affects numerous aspects 
that contribute to the success and final cost of product. First, some plants naturally 
accumulate a greater quantity of protein than others. Soybeans, for instance, contain 
approximately 40% of their weight as protein compared to only 2% for potato tubers. Thus, 
if the recombinant protein is expressed at an equal percentage of total protein in these two 
crops, 20 times more product could be produced by soy for the same weight of each. Perhaps 
a more even comparison, though, would come by comparing acreage necessary to produce a 
given amount of recombinant protein. In this case, corn, which has only one-quarter the 
percentage of total protein as soy on a weight basis, actually produces roughly the same 
amount of total protein per planted acre due to its prolific seed production (Crop Field 
Report, 2000, USDA Economics and Statistics System. URL: 
http://usda.mannlib.cornell.edu). 
The quality of the heterologous protein, both in terms of proper post-translational 
events and stability within the crop, is also an important consideration. Much like bacterial 
systems, different crops and even different varieties of the same crop are thought to have 
minor variations in the processing of proteins. Therefore, some plant hosts may yield the 
appropriate product while others fail. It is encouraging to note, however, that with a 
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combination of existing germplasm and genetic engineering techniques, most crops could 
potentially be made to produce the correct protein (Kusnadi et al., 1997). Once the 
recombinant protein is produced, its final destination within the plant can have an extreme 
affect on stability. As mentioned in a previous section, there are numerous examples of 
various proteins in a variety of crops that have been stable after long-term storage (> 6 
months) when accumulated in the seed. In general, the relatively desiccated environment of 
the seed is preferred over higher moisture areas such as green tissue because of lower 
proteolytic and microbial activity. Thus, hosts such as alfalfa and tobacco leaves are at a 
major disadvantage (Moloney, 1995). The vastly different proteases of the various crops and 
their locations within the plant or cell should also be considered (Jervis and Pierpoint, 1989). 
Technological issues such as the ease of transformation may contribute, at least in the 
near term, to which host can be utilized. Currently, tobacco and potato have been employed 
the most for research and proof-of-concept experiments because they are easily transformed. 
However, for reasons discussed above, these two crops are unlikely to receive wide-scale 
application for commercial production of recombinant proteins (Cramer et al., 1999). 
Examples of successfully transformed cereal crops (e.g. corn, rice, and wheat) and oilseed 
crops (e.g. soybean and canola seed) are beginning to emerge. The large-scale production of 
most recombinant proteins is expected to come from these more difficult to transform crops. 
In fact, at this point, "many of the companies developing transgenic plant expression systems 
have chosen maize (as the best host) after surveying various crops for potential protein 
recovery and the economics of production" (Giddings et al., 2000, p. 1154). 
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Several legal issues including patent rights and environmental regulations concerning 
the potential of spreading genetically modified pollen to weeds and other plants should be 
taken into account. 
Another area where crop selection can play an important role is in downstream 
processing efforts. Not only are plant material processing methods slightly different between 
crops, but there is also an extreme variation in the native components to be removed during 
purification. Whereas all crops will have a mixture of native proteins, carbohydrates, and 
phenolics to be separated from the product, some plants such as tobacco also contain 
naturally toxic alkaloids that would require additional concern (Moloney. 1995). The 
specific types and quantities of native components within the various crops will differ 
greatly. This can be seen as a hurdle to overcome if producing recombinant proteins in 
different crops. However, it also provides an opportunity to reduce the purification costs by 
matching the recombinant protein with a host containing components with different 
physicochemical properties. 
Compositional Comparison of Canola, Corn, and Soy 
Canola, com and soy have been regarded as the most likely production systems for 
commercial application of plants as bioreactors (Holzmann, 1994; Whitelam et al. 1993). 
Table 2 shows the general compositional analysis of these three crops; actual amounts will 
vary depending on the specific variety and growing conditions. The different amounts of 
protein, oil (fat), and carbohydrates reflect the natural uses of the crops (i.e. canola as an 
oilseed, soy as a source of oil and protein, and corn as a cereal grain and oil crop). It should 
be pointed out that the oil content of com is somewhat misleading because the majority of the 
oil is concentrated within the germ (see below), which is easily separated from the whole 
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kernel. On one hand, the native proteins, oil, and carbohydrates may be thought of as 
potential contaminants that will require removal during purification. On the other hand, they 
may be considered potential by-products of the process to be sold for additional revenue. 
Phenolics and phytic acid are also listed because they form complexes with proteins in an 
aqueous extract (Cheryan, 1980; Jervis and Pierpoint, 1989), which could interfere with the 
separation process. They may also present a problem with resin fouling during adsorption 
and/or chromatographic operations (Kusnadi et al., 1998a). 
Table 2: General compositional analysis of canola. corn, and soy on a weight percent. 
Canola and Corn are by wet basis while soy is on a moisture free basis. 
Crop Moisture 
Content 
(%) 
Protein 
(%) 
Oil 
(%) 
% Carbohydrates 
Starch Sugar Fiber 
% Ash Phenolics 
(mg/g 
solid) 
Phytate 
(mg/g 
solid) 
Canola3 12 21 40 5 9 1 16d 10e 
Cornb 
(Whole 
Kernel) 
14 10 4 61 7 2 2 9f 28 
Soy' <12% 40 21 27 7 4 5d 2g 
"Niewiadomski, 1990 
"Haaland, 1980 
cWolf and Cowan, 1975 
dNaczk et al., 1998 
eUppstrom and Svensson, 1980 
fSosulski et al., 1982 
gJan et al., 1985 
The physicochemical properties of the native proteins will in large part dictate the 
specific separation methods employed during purification of a recombinant protein from a 
transgenic plant extract. Solubility, size, and charge characteristics are of special interest 
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because these form the basis for many separations. These properties for canola seed, the corn 
kernel, and soybean will be discussed below. 
A general protocol for protein classification, known as the Osborne method, has been 
used since the early 1900s to describe a protein's solubility in various solvents (Osborne, 
1897), as shown in Table 3. It has been utilized extensively in the classification of proteins 
from many agricultural corps. For cases such as ours, where the recombinant protein must 
remain active in the extract, it may be expected that prolamins will not contribute to the set of 
contaminating proteins. Furthermore, depending on the solubility of the recombinant protein, 
extraction conditions could be made such that most glutelins do not appear in the extract. 
Table 3: Osborne classification scheme based on protein solubility in various solvents 
(adapted from Johnson, 2000). 
Protein Classification Solubility Criterion 
Albumins Soluble in salt-free water 
Globulins Soluble in 0.5M NaCl 
Glutelins 
Soluble in dilute alkali (pH 10) with small amount of reducing agent 
(i.e. 0.6% 2-mercaptoethanol, 0.05% sodium dodecyl sulfate, 0.05% 
dithiothreitol) 
Prolamins Soluble in non-polar solvents (i.e. 60-90% ethanol, 70-90% isopropanol, 
aqueous acetone, ethanol+benzene, ethanol+chloroform, ethylene 
glycol) 
Canola 
Canola (Brassica napus or B. campestris) refers to those cultivars of rapeseed that 
have been developed to have low levels of erucic acid and glucosinolates (two constituents 
that reduce the nutritive value of rapeseed). It is a dicotyledonous species with its seed 
composed of approximately 85% cotyledon. Within the cotyledon, proteins and oils are 
contained intracellular^ as distinct bodies. Upon fractionation of the seed, proteins and oil 
are released (Biliaderis and Eskin, 1994; Lusas, 2000). 
The native proteins of canola have been classified as being approximately 70% 
globulins, up to 20% prolamins, and 10-15% albumins. The prolamins exist exclusively as 
oleosins - non-nitrogenous oil body proteins that are insoluble in water regardless of pH and 
salt concentration (Uppstrom, 1995). 
The globulins have been sub-divided into two major classes known as the 12S 
(cruciferin) and 2S (napin) fractions. Cruciferin accounts for about 50% of the total seed 
protein. In the active form, it is hexameric with overall molecular weight of approximately 
300 kDa (Schwenke et al., 1983), and isoelectric point near neutrality at 7.2 (Schwenke et al., 
1981). In solutions with an ionic strength less than p. = 0.5, this protein undergoes a 
reversible dissociation into two timers of-150 kDa, which can undergo further dissociation 
into equivalent monomers at low or high pH or in the presence of urea (Schwenke et al., 
1981). This dissociation could be potentially advantageous (or be a disadvantage) for a size-
based separation method. Napin constitutes 20% of the total seed protein. It is monomeric 
with molecular weight of approximately 13 kDa and isoelectric point greater than pH 9. The 
napin fraction has been classified as albumin-like by some groups (Bhatty et al., 1968). 
No extensive characterization of the albumins could be located. 
Com 
Corn, or maize (Zea mays), is a monocotyledonous cereal grain, and as such, its seed 
is comprised mainly of endosperm. The structure of the corn kernel, as well as the 
compositional make-up of the various anatomical pieces, are shown in Figure 2. Notice that 
the germ contains the majority of the oil and is enriched in protein content, while the 
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endosperm is mostly starch. Table 4 shows the relative amounts of proteins in the whole 
kernel, endosperm, and germ, based on the Osborne classification. 
Table 4: Relative amounts of major proteins of corn and their distribution in the kernel 
(Johnson, 2000). 
Prot. Class 
Location 
% Albumins % Globulins % Glutelins % Prolamins 
(Zeins) 
Whole Kernel 8 9 40 39 
Endosperm 4 4 39 47 
Germ 30 30 25 5 
Well-established commercial methods have been developed for the separation of 
germ and endosperm to isolate these parts of the kernel (Johnson, 2000; Schenck, 1992). If 
the recombinant protein can be specifically targeted to one of these locations, the purification 
process may be simplified due to a reduction in potential contaminants. For instance, an 
endosperm protein extract taken with a neutral salt buffer would automatically eliminate 
nearly 80% of the native proteins from the solution. If the same solvent were used for an 
extract from germ, only 30% of the native proteins would remain insoluble. Furthermore, an 
endosperm extract would have much less oil than a germ-rich or whole kernel extract, which 
would also simplify purification (Kusnadi et al., 1998a,b). It is also important to note that 
long periods of storage can cause migration of fat from germ to endosperm which changes 
the composition of the kernel (Haaland, 1980). 
The size and charge characteristics of the various protein classes, as they exist in 
corn, are shown in Table 5. These properties hold for protein derived from either the 
endosperm or germ (Paulis and Wall, 1969). Unfortunately, all that can be said with certainty 
is that there is a high degree of heterogeneity among the proteins that could be expected in a 
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Figure 2: Composition of corn kernel and its anatomical pieces [reprinted with permission 
from (Johnson, 2000)]. 
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corn extract from the whole kernel, endosperm, or germ. Thus, a complete purification based 
solely on a charge or size-based separation method would appear to be difficult. 
Table 5: Size and charge characteristics of the major proteins in corn. 
Prot. Class 
Distinction 
Albumins Globulins Glutelins Prolamins 
(Zeins) 
Molecular 
Weights 
15-20 distinct 
fractions from 
16-400 kDa3 
15-20 distinct 
fractions from 
16-400 kDa" 
-20 components 
from 11-127 kDa 
(in a reduced 
state)3 
Two major 
groups of 45 kDa 
and 22 kDa3 
Isoelectric 
Points 
Most insoluble at 
pH 4.4; most 
soluble at pH 8.6b 
~ 8 bands from 
pH 4-9° 
-6 bands from 
pH 5-7= 
-10 bands from 
pH 5-9d 
aLasztity, 1984 
bPaulis and Wall, 1969 
"Wilson et al., 1981 
"Wilson et al., 1985 
Finally, proteases have been found in nearly all parts of the kernel. For instance, an 
endopeptidase with trypsin-like activity was found throughout the kernel (except in the 
pericap and starchy endosperm). At the same time, appreciable levels of trypsin inhibitors 
have been found throughout the kernel (Melville and Scandalios, 1972). 
Soy 
Like canola, soybean (Glycine max) is a dicotyledonous species composed of 
approximately 90% cotyledon (Wolf and Cowan, 1975). Most proteins and oil are held in 
distinct membrane-bound subcellular organelles known as protein bodies and lipid bodies 
(spherosomes), respectively. Flaking is generally used to disrupt the cell walls prior to oil 
and/or protein extraction (Hui, 1992). 
Soybeans contain less than 10% of their proteins as low molecular weight (-20 kDa) 
albumins, and the remainder as globulins. The globulins have been further fractionated into 
four main groups: 2S (22% of globulin fraction), 7S (37%), 11S (31%), and 15S (11%). The 
2S portion, also known as a-conglycinin, has proteins with a molecular weight range from 8-
50 kDa and solubility over a wide pH range. P-Conglycinin, the major constituent of the 7S 
fraction, contains at least seven isomers resulting from the combination of the same three 
subunits. The active forms have a MW range from 100-150 kDa, and all have an isoelectric 
point (pi) near 4.9. The 1 IS proteins, called glycinin, are a complex set of heteromultimers 
containing 11 or 12 subunits. Glycinin proteins range from 300-350 kDa with pis ranging 
from 4.5-4.8. Finally, the 15S proteins are much larger than the others at -700 kDa, but still 
have an isoelectric point around 4.5 (Hui, 1992; Larkins, 1981; Lusas, 2000; Waggle et al., 
1989; Wolf and Cowan, 1975). 
The proteins of soy, although high in quantity (recall Table 2), would be relatively 
easily separated from the target if the desired protein were basic (isoelectric point over 7.0) 
and larger than -100 kDa. On the other hand, if the recombinant protein has a slightly acidic 
charge character (isoelectric point below 7.0), there will be a high probability for many 
native protein contaminants. 
Target Proteins for Current Research 
Overview 
Numerous examples can be found of different recombinant proteins being 
successfully expressed in plants (Giddings et al. 2000; Kusnadi et al., 1997). Unfortunately, 
as stated previously, there have been a comparatively small number of reports discussing the 
processing, extraction and purification of such proteins from transgenic plants. To date, most 
studies that have evaluated the downstream processing in more detail have done so with 
either ^-glucuronidase - GUS (as a model acidic protein), or T4 lysozyme (as a model basic 
protein). Results with these model proteins have provided, and will continue to provide, a 
firm basis for application to other proteins. However, there is also a need to establish 
processing and purification examples from an extended array of protein classes (based on 
size, charge, function, etc.) due to their intrinsic differences in physicochemical properties. 
Two model proteins will be evaluated in the current project: GUS and slgA, a representative 
from the immunoglobulin (antibody) group. These will be discussed in more detail below. 
^-Glucuronidase (GUS) 
^-Glucuronidase (GUS) is a hydrolase which catalyzes the cleavage of terminal 
glucuronic acid from (5-linked polysaccharides and phenols. The enzyme can be found as a 
glycoprotein in many mammalian tissues (Dean, 1974) or a non-glycosylated form in E. coli. 
Due to the intrinsic lack of such activity in plants, its stability in a variety of solvents, and its 
ease, versatility, and sensitivity of detection (both quantitative and localization), it has 
traditionally been used as a reporter gene (Wilkinson and Lindsey, 1998/ E.coli GUS, to be 
used in this study because of its availability and ease of production, is a homotetramer with 
monomeric molecular weight of approximately 68.2 kDa and isoelectric point near 5.5 based 
on its amino acid sequence (Jefferson et al., 1986). Numerous chromatographic strategies for 
purifying GUS from canola and corn germ have been evaluated, as discussed previously. 
Antibodies 
Antibodies, or immunoglobulins (Igs), are a well-studied group of glycoproteins that 
act in the immune response of vertebrates. In humans and animals, they function by forming 
very specific interactions with a particular foreign molecule that poses a threat to the host. 
This interaction prevents entry into the host, or aids in the removal from the host (Klein and 
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Horejsi, 1997). Plants do not naturally contain the genes to produce antibodies, but 
numerous examples have accumulated displaying the successful expression for a wide-range 
of recombinant antibodies in plants (DeWilde et al., 1999; Giddings et al., 2000). Several 
classes of immunoglobulins (IgG, IgM, IgA, IgD, and IgE), each with different structures, 
properties, and functions, exist. Within some classes there exist sub-classes with slightly 
different structure and functions. Furthermore, different pieces, or fragments, of an antibody 
may serve certain applications on their own, without the entire molecule (Klein and Horejsi, 
1997). 
The slgA (secretory IgA) class of immunoglobulins composes the majority of 
antibodies found in mucosal secretions such as the respiratory and gastrointestinal tracts. 
The general structure is shown in Figure 4. It is constructed of two IgA monomers (which 
resemble an IgG molecule in structure) linked by a "J-chain" to form dlgA, and a secretory 
component (SC). The overall molecular weight is approximately 390 kDa (-150 kDa per 
IgA monomer, 70 kDa SC, and 20 kDa J-chain) (Klein and Horejsi, 1997; Ma et al., 1995). 
IgA 
SC 
J-chain 
Figure 4: Structure of slgA (adapted from Ma and Hiatt, 1996). Open circles represent 
carbohydrate moitiés. 
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slgA is more heavily glycosylated (10-12 wt%) than an IgG (2-3 wt%) (Poljak, 1978), with 
most glycosylation on the Cal domain (Klein and Horejsi, 1997). The Ca3 domain is 
responsible for binding the J-chain, and both the Ca2 and Ca3 domains bind the secretory 
component. The SC provides stability and protection for this immunoglobulin against 
proteases and other destructive agents. slgAs do not invoke any complement action and do 
not bind Protein A for purification (Ma and Hein 1995). 
slgAs are naturally suited for the harsh environment of mucosal surfaces due to their 
protective secretory component. Furthermore, because of their multivalent nature (four 
antigen binding sites) they have enhanced potency and avidity to agglutinate the target 
molecule. This elevated avidity reduces the dosage requirement for effective treatment. 
slgA molecules also do not activate secondary effects, and thus are least likely to induce 
inflammation that may increase the chances for pathogen penetration past the epithelial tissue 
(Zeitlin, 1999). Finally, due to their natural ability to distribute on mucosal surfaces, where 
many infections occur, slgAs could act as drug delivery systems for further prevention and/or 
treatment. 
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CHAPTER 2. HOST SELECTION AS A DOWNSTREAM STRATEGY: 
POLYELECTROLYTE PRECIPITATION OF ^-GLUCURONIDASE 
FROM PLANT EXTRACTS 
A paper published in Biotechnology and Bioengineering1 
Todd J. Menkhaus, Sara U. Eriksson, Paul B. Whitson, and Charles E. Glatz 
Abstract 
Host selection can be a strategy to simplify downstream processing for protein 
recovery. Advancing capabilities for using plants as hosts offers new host opportunities that 
have received only limited attention from a downstream processing perspective. Here we 
investigated the potential of utilizing a polycationic precipitating agent (polyethylenimine -
PEI) to precipitate an acidic model protein (^-glucuronidase - GUS) from aqueous plant 
extracts. To assess the potential of host selection to enhance the ease of recovery, the same 
procedure was applied to oilseed extracts of canola, corn (germ), and soy. For comparison, 
PEI precipitation of GUS was also evaluated from a crude bacterial fermentation broth. 
Two versions of the target protein were investigated - the wild-type enzyme 
(WTGUS) and a genetically engineered version containing ten additional aspartates on each 
of the enzyme's four homologous subunits (GUSDIO). It was found that canola would be the 
most compatible expression host for use with this purification technique. GUS was 
completely precipitated from canola with the lowest dosage of PEI (30 mg PEI/g total 
protein) and over 80% of the initial WTGUS activity was recovered with 18-fold 
1 Reprinted with permission of Biotechnology and Bioengineering, 2002, 77(2), 461-469. 
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purification. Precipitation from soy gave yields over 90% for WTGUS, but only 1.3-fold 
enrichment. Corn, although requiring the most PEI relative to total protein to precipitate 
(210 mg PEI/g total protein for 100% precipitation), gave intermediate results, with 81% 
recovery of WTGUS activity and a purification factor of 2.6. The addition of aspartate 
residues to the target protein did not enhance the selectivity of PEI precipitation in any of the 
systems tested. In fact, the additional charge reduced the ability to recover GUSD10 from 
the precipitate, resulting in lower yields and enrichment ratios compared to WTGUS. Com­
pared to the bacterial host, plant systems provided lower polymer dosage requirements, 
higher yields of recoverable activity and greater purification factors. 
Introduction 
Plant agriculture has recently received much attention as a viable means for 
recombinant protein production (Krebbers et al., 1992; Kusnadi et al., 1997; Whitelam, 
1995). Utilization of transgenic crops as bioreactors offers several distinct advantages over 
traditional microbial systems. For instance, scale-up requires only more farmland be devoted 
to production; the price of inputs is comparatively low; harvest, transport, storage, and 
processing methods are well established; post-translational modifications necessary to 
produce active proteins are realizable; and protein accumulation can be directed to the most 
beneficial location within the plant (Whitelam et al., 1993). Furthermore, it has been 
demonstrated that processing of oil seeds (i.e. corn and canola) to obtain vegetable oil can be 
accomplished with no loss of recombinant protein activity (Bai and Nikolov, 2001; Kusnadi 
et al., 1998a), thus offering a potential byproduct along with the high-value target protein. 
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One obstacle hindering the widespread application of plants as bioreactors is the need 
for more information regarding the downstream processing, as this can easily constitute the 
majority of production costs (Goddijn and Pen, 1995; Whitelam, 1995). To date, a multi­
stage process and economic evaluation for the purification of avidin and (3-glucuronidase 
(GUS) from transgenic maize has been thoroughly examined (Evangelista et al., 1998; 
Kusnadi et al. 1998b). Also, several chromatographic strategies have been investigated as 
onerstep purification methods. These include cation exchange chromatography for the 
recovery of T4 lysozyme from canola (Zhang and Glatz, 1999), as well as anion-exchange 
chromatography and immobilized metal affinity chromatography to purify GUS from canola 
(Zhang et al., 2001; Zhang et al., 2000). These studies indicate that, while a nearly pure 
product can be obtained, an early pre-purification/concentration step would be beneficial to 
reduce column size and frequency of resin replacement due to fouling. Furthermore, many 
industrial enzymes do not require a high degree of purification, so the column fractionation 
might be eliminated (Headon and Walsh, 1994). 
Precipitation is one common approach for the coarse fractionation of plant proteins 
from an aqueous extract. This technique offers the ability to not only concentrate, but also to 
achieve a partial enrichment early in the purification process at a low cost (Jervis and 
Pierpoint, 1989). Polyelectrolyte precipitation (the use of a charged polymer to precipitate an 
oppositely charged target protein) is an attractive method because it normally requires low 
concentrations (0.05-0.1 %, w/v), offers the opportunity for high selectivity, and the 
precipitate can be redissolved without affecting protein activity (Niederauer and Glatz, 
1992). Zaman et al. (1999) attempted the polyelectrolyte precipitation of T4 lysozyme (a 
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basic model protein) from a canola protein extract with the polyanionic polymers 
poly(acrylic acid) and polyphosphate Glass H. Neither of these agents was able to precipitate 
the target protein from a clarified extract to a high degree under the conditions tested. 
Polyelectrolyte precipitation relies on an initial ionic interaction between protein and 
polymer to form a protein-polyelectrolyte complex. These particles then bridge together, 
either by residual charge interaction or through hydrophobic patches on the complex, to form 
larger precipitating floes (Niederauer and Glatz, 1992). The numerous contaminants present 
in a crude extract may interfere with the formation of protein-polymer complex directly (by 
binding to either the target protein or the polymer) or indirectly by competing for charge. 
Furthermore, the presence of oils (which were minimized in all systems evaluated in this 
study) could potentially interfere with secondary floe formation. 
This work considers the precipitation of GUS (an acidic model protein) from various 
plant and microbial systems by addition of the polycationic precipitating agent 
poly(ethyleneimine) (PEI). The choice of production host for the recombinant protein can 
play a significant role in the ease of purification of the product molecule due to differences in 
native proteins and other potential contaminants (e.g. phenolic compounds, carbohydrates, 
and nucleic acids). Therefore, three transgenic plant oilseed systems were evaluated -
canola, corn (germ), and soy. Along with these, a bacterial host, Escherichia coli, was also 
examined in order to compare transgenic plants to the "traditional" microbial production 
system. 
The use of genetic engineering is another approach that can be utilized to simplify the 
purification of recombinant proteins from a variety of hosts (Flaschel and Friehs, 1993). In 
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plants, it has been successfully applied to the recovery of GUS from canola by fusion of 
oleosins (oil-body proteins) to the target and subsequent recovery by flotation centrifugation 
(van Rooijen and Moloney, 1995). Zhang et al. (2000, 2001) found positive results for 
several other genetically engineered versions of GUS (containing charge modifications or 
poly(histidine) tails) in recovery from canola by the chromatographic strategies mentioned 
earlier. It has also been demonstrated that in the application of PEI to precipitate 
glucoamylase from a Saccharomyces cerevisiae culture medium (Suominen et al., 1993) and 
(3-galactosidase from a crude E. coli fermentation broth (Parker et al., 1990) that 
poly(aspartic acid) fusions to the target protein enhanced the ease of purification. With this 
in mind, two versions of GUS were evaluated in the current work: the wild-type enzyme 
(WTGUS) and a genetically modified version of GUS (GUSD10) containing ten additional 
aspartate residues on each of the enzyme's four homologous subunits. Due to the large time 
and monetary investment required to produce the transgenic versions of the numerous desired 
systems, a spiking approach was used in this study. A spiking method by Zhang et al. (1999) 
yielded results in good agreement with transgenic plants. 
Materials and Methods 
GUS: Its Production and Purification from E. coli, and Activity Assay 
GUS is a homotetrameric enzyme with monomer molecular weight of approximately 
68,000 Da and isoelectric point at approximately pH 5.5 (Jefferson et al., 1986). The 
spectrophotometric activity assay employed in this work measures the release of p-
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nitrophenol from its corresponding glucuronide by absorbance at 405 nm (Jefferson and 
Wilson, 1991). Based on amino acid sequence, the wild-type enzyme has a calculated net 
charge of-75 at pH 7.0. Similarly, for the genetically modified version containing 10 
aspartate units fused as a tail to the carboxy terminus of each monomer, the calculated net 
charge is -115 (Zhang et al., 2001). 
The gene construction of both versions of GUS in E. coli, as well as their production 
and purification, have been described in detail previously (Zhang et al., 2001). The 
production consisted of growth in shake-cultures containing LBH medium, with the 
induction of GUS expression by isopropyl P-D-thiogalactopyranoside (Sigma Chemical Co., 
St. Louis, MO). Mature cells were harvested and subsequently disrupted by sonication. The 
resulting broth was clarified by centrifugation. Purification was then accomplished by one 
stage of affinity chromatography using saccharolactone as the affinity ligand 
(saccharolactone immobilized on cross-linked agarose, Sigma), followed by two stages of 
anion exchange chromatography. For WTGUS the weak anion exchange resin DEAE-
Sepharose Fast Flow (Sigma) was utilized, while for GUSD10 the strong anion exchange 
resin Q-Sepharose Fast Flow (Sigma) was chosen. When both versions were evaluated on 
the same resin (either strong or weak anion exchange), the additional negative charge on 
GUSD10 was confirmed by comparison of retention times (data not shown). Also, the final 
product in each case contained one major band at approximately 68 kDa when tested by 
SDS-PAGE (data not shown). The purified versions of GUS were stored in 50 mM 
imidazole buffer at pH 7.0 in a 4°C cold cabinet. 
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Plant Protein Extraction and Quantification 
Canola Non-transgenic canola seed was provided by Pioneer Hi-Bred International 
(Johnston, IA). It was flaked, dehulled, ground, and defatted at room temperature by two 
stages of 30 min each in rc-hexane at a ratio of 1 g solid/20 ml solvent. The final oil content 
was < 2% (w/w) (Zhang and Glatz, 1999). Protein extraction of the defatted meal was 
accomplished by mixing with deionized water (1 g solid/10 ml water) for 30 min. The pH 
was continually monitored and maintained at 7.0 with small amounts of 1.0 N NaOH and 0.1 
N NaOH as needed. The aqueous extract was clarified by centrifugation and polished by 
0.22-|o,m syringe filtration. The final total protein concentration was 15 mg/ml (± 2 mg/ml). 
Com The germ-rich fraction of non-transgenic com seed was provided by Iowa 
Com Processors (Glidden. IA). The full-fat sample was received in a milled state and no 
further size reduction was needed. It was, however, defatted by the same method described 
for canola. Protein extraction was accomplished by the same protocol discussed for canola, 
except a ratio of 1 g solid/4 ml water was used. The final protein concentration was 16 
mg/ml (± 3 mg/ml). 
Soy Non-transgenic "white" soy flakes were obtained from the Center for Crops 
Utilization Research at Iowa State University. The flakes were used with no further 
processing. The method followed for protein extraction was identical to that shown for 
canola with the final concentration of total protein being 25 mg/ml (± 3 mg/ml). 
Total protein concentration was measured using Pierce (Rockford, IL) Coomassie 
Plus Protein Assay Reagent with bovine serum albumin as the standard. 
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Polyelectrolyte Precipitation 
Polyethyleneimine (PEI) is a branched polymer with a pK of approximately 9.7 
(Atkinson and Jack, 1973). It was purchased from Sigma as a 50% (w/v) aqueous solution 
with a number average molecular weight of approximately 60,000 Da. This concentrated 
solution was diluted to 1.0 mg PEI/ml with DI water and adjusted to pH 7.0 with 
concentrated HC1. 
For precipitation experiments on the three crop systems, spiking of the protein extract 
was necessary to produce a "transgenic" plant extract. This was accomplished by first 
diluting the clarified non-transgenic extract to a total protein concentration of 1.0 mg/ml with 
DI water. This was done to ensure all systems had the same concentration of total protein, as 
the polyelectrolyte dosage requirement to precipitate proteins is directly proportional to 
concentration (Jendrisak, 1987), and to reduce the burden of producing and purifying large 
amounts of GUS from E. coli. Purified GUS stock (WT or D10) was then added to yield 
GUS at 0.5% (w/w) of total protein (GUS activity in the extract was approximately 220 U/ml 
after spiking); this level is representative of levels in transgenic crops. The spiked extract 
was also adjusted to pH 7.0 if necessary. Precipitation of GUS from the microbial host was 
conducted on a disrupted and clarified broth diluted to 1.0 mg total protein/ml, and 220 U 
GUS activity/ml. The GUS activity level was controlled by combining appropriate amounts 
of induced and non-induced broth samples, each diluted to 1.0 mg total protein/ml prior to 
mixing. 
Precipitation tests were performed in 1.5-ml microcentrifuge tubes. The same 
amount of spiked extract (or clarified fermentation broth) was added to each tube to give 500 
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Hg of total protein and 2.5 gg of GUS per tube (actual GUS amount in the fermentation broth 
samples could not be determined, but the specific activity was identical to that in the spiked 
plant extracts). Differing volumes of diluted PEI stock were then added to each tube to yield 
the desired dosage ratio of PEI to total protein. Finally, deionized water was used to make 
the total volume of each tube 0.750 ml. The mixture was then vortexed vigorously for 10 s, 
incubated at room temperature for a minimum of 45 min, and microcentrifuged at 12,000 
rpm for 30 min to remove any formed precipitate. A total of 0.720 ml of the supernatant was 
removed and evaluated for residual GUS activity and total protein. The pellet remaining in 
the tube was then washed by addition and removal of 1.0 ml of deionized water. Lastly, the 
precipitate was redissolved with 0.720 ml of 2.5 M NaCl and vortexed for 5 s. The resulting 
solution was again analyzed for GUS activity and total protein. All experiments were 
conducted in duplicate. 
Results and Discussion 
The precipitation profiles of WTGUS with PEI from canola, corn, and soy extracts, as 
well as from E. coli fermentation broth, are compared in Figure 1. Also shown in Figure 1 is 
the corresponding total protein that was co-precipitated with GUS from each of the 
expression systems. The PEI dosage required for precipitation of GUS (measured as 
milligrams of PEI per gram of total protein in the diluted, spiked extract) increases in the 
order of canola (least), soy, fermentation broth, and corn (most). It indicates that the native 
components in each system affect the ability of PEI to complex with the target protein. From 
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Figure 1: WTGUS precipitation with PEI from canola (•), soy (•), E.coli (•), and corn (•); 
and the corresponding total protein precipitated from canola (O), soy( A), E.coli (O), and 
corn (D). Values represent the average of two replicates with error bars displaying the range. 
Figure 1 it is also apparent that more than twice as many native proteins are precipitated from 
soy and the microbial broth than either canola or corn. Were all plants to express the 
recombinant protein at the same absolute level, the dosage penalty seen for corn here 
(comparison at the same total protein concentration) would be offset by the fact that the 
original com extracts contained less soluble native protein (2.5X less than canola, for 
example, due to the lower extraction ratio used for corn). 
It is known that nucleic acids are preferentially precipitated by PEI in bacterial 
fermentation broths (Parker et al., 1990), yeast cultures (Cordes et al., 1990) and crude wheat 
germ extracts (Jendrisak, 1987). The ratio of nucleic acid to total protein in a bacterial cell is 
approximately 0.44 (Aiba et al., 1973). By our calculations (based on reported values of 
nucleic acid in com germ (Watson, 1987) and canola seed (Finlay son, 1967), and non-protein 
nitrogen to estimate nucleic acid content in soy (Becker et al., 1940)), the ratio of nucleic 
acid to protein in each of the plant hosts is approximately ten times lower than the same ratio 
for a disrupted bacterial cell broth. This may explain why the E. coli system requires more 
PEI to precipitate GUS than canola and soy. However, it would not explain why com germ 
requires such high dosages. 
Another possible reason for different precipitation behavior is that phenolic 
compounds in plant extracts are known to interact with proteins (Jervis and Pierpoint, 1989), 
and may also bind to the polyelectrolyte. Of the plant hosts, canola meal has the highest 
concentration of soluble phenolic compounds at approximately 16 mg/g (Naczk et al., 1998), 
followed by corn with approximately 9 mg/g (adapted from Sosulski et al., 1982), and soy 
with only 5 mg/g (Naczk et al., 1998). Results from our lab confirm the qualitative level for 
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soluble phenolics concentration in the aqueous plant extracts studied here (data not shown). 
Similarly, Blaicher et al. (1983) found that higher levels of phytic acid increased the 
precipitation of proteins in canola by isoelectric precipitation, and phytic acid is also known 
to form complexes with proteins and many plant extracts (Cheryan, 1980). It would also be 
possible for phytic acid to interact with PEI. For the three crops evaluated here, canola seed 
contains approximately 10 mg phytate/g solid (Uppstrom and Svensson, 1980), while corn 
has 2 mg/g and soy 1.5 mg/g (Jan et. al., 1985). Thus, it may be possible that the phenolic 
compounds and phytic acid are actually aiding in precipitation when compared to the 
bacterial system, but still this does not explain com requiring the highest level of PEI. It 
should be noted that addition of sinapic acid (a representative phenolic compound) to a pure 
GUS solution neither inhibited nor aided in the PEI precipitation of the target protein 
compared to the case of pure GUS. 
One additional point to consider when comparing the dosage requirements is that the 
dilution to put all extracts at the same protein content for these experiments also dilutes all 
other components in the broth. Some of those, e.g. salts, do not bind polyelectrolyte directly, 
but do affect strength of interaction and thus dosage requirements indirectly. This was 
confirmed in carrying out precipitation with full-strength canola extract (results not shown). 
The same percent of protein removal was obtained but at a fourfold higher PEI dose. 
However, conductivity measurements made on the various diluted extracts (and fermentation 
broth) used in this study were all similar, ranging from 180 (j.S/cm for soy to 300 |j.S/cm for 
com. For comparison, a 5 mM NaCl solution was found to have a conductivity of 600 
gS/cm. 
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Figures 2 and 3 display the recoverability of WTGUS activity and the corresponding 
purification factor (the ratio of specific activity after precipitation to that in the initial 
solution) from the various hosts. For canola, over 80% of the original activity was recovered 
from the resuspended precipitate with 18-fold purification after precipitation at 30 mg PEI/g 
total protein. At higher dosages the recovery drops slightly and the purification factor 
reduces to only 2 as more native proteins that had been precipitated are redissolved. Soy is 
capable of higher yields (over 90%), but the purification factor is poor due to a high degree 
of native proteins co-precipitating. Corn offers the ability to recover over 80% of GUS 
activity at 2.6-fold purification, while the fermentation system yields the lowest 
recoverability and only 1.4-fold enrichment. For all precipitation/recovery experiments 
where GUS was completely precipitated, the GUS activity in the supernatant after 
precipitate pellet wash contained less than 5% of the total GUS activity initially present. 
Activity loss is assumed to have come from incomplete disruption of the precipitate or 
irreversible denaturation due to precipitate formation and subsequent recovery. 
The polyelectrolyte precipitation of WTGUS and GUSD10 from corn is compared in 
Figure 4. At lower dosages of PEI, GUSD10 shows an enhanced ability to precipitate from 
the spiked corn extract. However, at higher dosages, when the precipitation level is 100%, 
WTGUS precipitates equally well. Results for the other systems, plant and microbial, 
displayed a similar pattern between WTGUS and the charge-modified version of GUS. 
Parker et al. (1990) observed that the effects of aspartate tails on (3-galactosidase were not as 
profound in an untreated bacterial extract as they were in the same extract treated to remove 
nucleic acids. In the systems studied for this work, all precipitation experiments were 
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Figure 2: Recovery of WTGUS activity by redissolving the precipitate in 2.5M NaCl. 
Values are the average of two replicates with error bars representing the range. 
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Figure 3: Purification of WTGUS after PEI precipitation and redissolution. The purification 
factor is the ratio of specific activity after precipitation to that in the initial solution. Values 
are the average of two replicates with error bars representing the range. Where error bars 
cannot be seen, the range was smaller than the symbol. 
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Figure 4: Comparison of WTGUS and GUSD10 precipitation from corn. Values for 
WTGUS and GUSD10 are the average of two replicates, while the total protein data 
represent the average of four samples. In all cases error bars show the range. 
conducted on crude (diluted) plant and E. coli extracts and may contribute to the reason for 
not observing a greater difference in precipitation. 
As a consequence of the small shift in the precipitation curve, GUSD10 was still 
removed within a range where many native proteins also precipitated. That is, additional 
aspartate residues on the target protein did not enhance selectivity above that found for 
WTGUS. Ideally, GUSD10 would have given the target protein enough negative charge to 
precipitate at a much lower dosage and thus not be contaminated with as many native 
proteins. 
Figure 5 compares the recovery and purification for the different systems evaluated in 
this study. Here we see that a greater percentage of WTGUS activity can be recovered than 
GUSD10 activity. This can be explained by considering that the additional negative charge 
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on the D10 version is caused by a stronger interaction with PEI (and other precipitated 
components), thus hindering redissolution. A similar phenomenon was found by Niederauer 
et al. (1994) in the recovery of genetically engineered versions of P-galactosidase containing 
poly(aspartic acid) tails from an E. coli extract. In their case, complete recovery of the more 
highly charged versions of the protein was possible, but it required a higher ionic strength 
buffer than that for the wild-type protein (no higher ionic strength buffer was evaluated for 
the current study). Along with activity recovered, the purification factor obtained for 
WTGUS was also enhanced over that found for GUSD10. This is due simply to a greater 
recovery of WTGUS activity, as the total protein redissolved was virtually identical for 
experiments done with the same production host (i.e. corn WTGUS and corn GUSDIO, data 
are not shown). 
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Figure 5: Recovery and purification factor (PF) of WTGUS and GUSDIO from the various 
production systems. Numbers correspond to the PEI dosage where maximal recovery was 
found for each system. All values are the average of two replicates and error for each is less 
than 3%. 
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Optimization of the conditions (pH, ionic strength, and polymer molecular weight) 
could potentially improve all of the systems evaluated to varying degrees. However, 
conditions are somewhat limited to ensure proper charge characteristics for the protein and 
polymer. For the objective of precipitating GUS with PEI, the necessary pH (approximately 
6-9) will dictate the amount of native protein present in the extract. The charge 
characteristics of the native proteins in canola, com, and soy are such that altering the pH 
will not have a profound influence in this pH range. Experiments conducted to precipitate 
GUS with PEI from canola at pH 6.0 exhibited nearly identical results as those completed at 
pH 7.0 (data not shown). 
Conclusions 
The utilization of polyethyleneimine as a precipitating agent to accomplish a coarse 
fractionation in the recovery of acidic target proteins from transgenic crops is a viable option. 
Of the four expression systems evaluated here (canola, com, soy, and E. coli), canola would 
be the most compatible for use with this purification technique under the conditions tested. 
GUS was completely precipitated from canola with the lowest dosage of PEI (30 mg PEI/g 
total protein) and over 80% of the initial WTGUS activity could be recovered with 18-fold 
purification. Precipitation from soy gave yields over 90% for WTGUS, but only 1.3-fold 
enrichment. Corn, although requiring the most PEI to precipitate (210 mg PEI/g total protein 
for 100% precipitation), gave moderate results with 81% recovery of WTGUS activity and a 
purification factor of 2.6. The addition of aspartate residues to the target protein did not 
enhance the selectivity of PEI precipitation from any of the systems tested. In fact, the 
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additional charge reduced the ability to recover GUSDIO from the precipitate, resulting in 
lower yields and enrichment ratios compared to WTGUS. Comparison of GUS precipitation 
and recovery from plants to that from a bacterial host, proved that plant systems are superior 
in terms of lower polymer dosage requirements, higher yields of recoverable activity, and 
greater purification factors. 
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CHAPTER 3. RECOMBINANT PROTEIN PURIFICATION FROM PEA 
A communication for submission to Biotechnology and Bioengineering 
Todd J. Menkhaus, Cynthia Pate. Anthony Krech, and Charles E. Glatz 
Abstract 
A transgenic pea containing genetically-modified ^-glucuronidase with 
poly(histidine) tail (GUSH6) was evaluated for solubility of the target protein in relation to 
native components (proteins, carbohydrates, and phenolics). Subsequently, attempts were 
made to purify the recombinant GUSH6 aqueous pea extract using a variety of techniques. 
Immobilized metal affinity chromatography (IMAC) with Co+2 coupled to either 
iminodiacetate (IDA) or nitrotriacetate (NTA) showed that a nearly pure product could be 
attained by this form of chromatography. Single step separations by diafiltration (30 kDa 
and 100 kDa membranes), isoelectric precipitation, polyelectrolyte precipitation, and anion-
exchange chromatography were possible, but enrichment factors were low. 
Introduction 
The concept of producing recombinant proteins in transgenic plants has been well 
established over the past decade. Emphasis has now turned to optimizing this strategy for the 
commercial production of many industrial and research enzymes, as well as monoclonal 
antibodies and other pharmaceuticals (Daniell et al. 2001; Giddings et al. 2000; Rishi et al., 
2001). While consistently high expression levels of the target molecule may be of utmost 
concern initially, purification of the recombinant protein becomes important for many 
commercial applications. Thus, consideration of downstream processing efforts at an early 
stage of product development may be beneficial in reducing costs of the final product. Two 
choices to consider (which can have a substantial impact on the ease of recombinant protein 
purification) are the particular plant host to be utilized for production of the target molecule 
(Menkhaus et al. 2002), and the possibility of genetically modifying the target to aid 
separation (Zhang and Glatz, 1999; Zhang et al., 2000, 2001). In some cases these 
alternatives may be dictated by legal or technological issues, or by naturally occurring high 
expression levels in some plants compared to others. Another concern is the release of 
genetically modified plant material into the environment (Dale et al., 2002; Daniell, 2002). 
Especially problematic are rapeseed (canola) and corn, which have the ability to transfer 
genetic material through pollen to related plant species (Daniell, 2002; Ellstrand et al., 1999). 
Numerous plants have been successfully transformed to show the potential for 
recombinant protein production (Daniell et al., 2001 ; Giddings et al., 2000). It is well known 
that the different crops have different native components; both in type (i.e. protein 
composition) and quantity. It is also known that, because of these variations, the ability to 
purify a recombinant protein from different plants by particular separation techniques can be 
affected (Menkhaus, et al.. 2002). 
Among the different plant hosts, one that has received relatively minor attention in 
the literature is pea. Peas (Pisum sativum L.) are legumes grown in temperate regions 
throughout the world as a source of protein for human and animal consumption (Gane, 1985). 
Peas are a self-pollinating species (Sidorova and Shumny, 1999), which may alleviate some 
of the concern for environmental release. Furthermore, they are not as widely planted as 
corn, canola and soy, making it easier to avoid contamination of nontransgenic varieties. 
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While the type, variety, and growing conditions can change the overall composition of the 
pea, the general breakdown is presented in Table 1. Also shown for comparison are a 
leguminous oilseed - soybean, and two other oilseed crops - canola and corn. High protein 
levels can be advantageous as being naturally conducive to high expression levels of the 
recombinant protein, but also present a challenge for purification efforts. High levels of plant 
oil are especially problematic in fouling filtration membranes and chromatographic resins 
(Bai and Nikolov, 2000; Kusnadi, et al., 1998). 
Table 1. Composition of pea, soy, canola, and com seeds on a weight basis 
Pea1 Soy' Canola3 Corn4 
Protein % 18-35 41 21 11 
Soluble Carbohydrates 
% 
46-60 10 5 66 
Insoluble Carbohydrates 
% 
2-10 23 9 3 
Fat % 0.6-1.5 23 40 4 
Ash (minerals) % 2-4 3 1 1.5 
Water % 9-15 - 12 10 
1 -Makasheva, 1983 
2 - Wright, 1985 
3 - Niewiadomski, 1990 
4 - Singhal et. al., 1997 
The pea seed contains two major classes of storage proteins referred to as the 1 IS and 
7S proteins. The 1 IS fraction is composed primarily of legumin, a hexameric protein with 
molecular mass of approximately 370 kDa. The 7S family contains two main members -
vicilin, a trimer of approximately 150 kDa. and convicilin, a trimer or tetramer with 
molecular mass of 260 kDa (Casey and Domoney, 1985). Several studies (Megha and Grant, 
1986; Sosulski and McCardy, 1987) have shown that the native proteins of pea react 
similarly to those of soy when compared on the basis of solubility at various pH values. Both 
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have a minimum in solubility between 10 and 20% of total soluble nitrogen at a pH between 
4 and 5, and attain nearly 100% solubility above pH 10 or below pH 2. 
Other components that can potentially interfere with recombinant protein purification 
are phenolics and phytic acid. Both are known to interact with plant proteins (Haslam, 1989; 
Cheryan, 1980). Most pea varieties have relatively small amounts of total phenolics (Wang, 
et. al., 1998). Pea has less than 5% of the total phenolics of soy (Naczk, et. al., 1998) and 
corn (Sosulski, et. al., 1982), and less than 1% of the amount found in canola (Naczk et. al. 
1998). Phytate levels in peas are twice as high as those found in soybean (Naczk et. al., 
1986), but still only one-half to one-third the amount in canola (Uppstrom and Svensson, 
1980). 
Transgenic peas containing ^-glucuronidase (GUS) as the recombinant protein were 
utilized here to evaluate several purification options. GUS present in the pea was 
genetically-modified to express a 6-unit histidine tail on each of the enzyme's four 
homologous sub-units (hereafter referred to as GUSH6). pH and salt-dependent solubility 
analyses were conducted on the transgenic pea. Focus was especially given to maximizing 
the GUS activity in the extract. Then, several one-step purification strategies were attempted 
to purify GUS from the extract including diafiltration (30 kDa and 100 kDa membranes), 
isoelectric precipitation, anion-exchange chromatography, and immobilized metal affinity 
chromatography (IMAC). 
Materials and Methods 
Seed Processing 
Transgenic pea seeds were obtained in a dried and partially crushed state. Pea pieces 
were first crushed into smaller particles by mortar and pestle. These pieces were then ground 
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into a fine powder with a household coffee grinder in intermittent bursts to discourage high 
temperatures. Literature suggested that to maximize extractable protein from pea solids, an 
average particle size smaller than 200 pm should be utilized (Baniel et. al. 1998). For this 
study, particle size analysis of the ground pea flour (Malvern MastersizerE; Southboro. MA) 
showed that all solids were <170 fim. 
Extraction 
Aqueous extracts of pea flour were prepared by mixing dry solid and the appropriate 
extracting solution in a ratio of 1 g solid to 10 ml liquid. Flour and solvent were combined in 
a glass beaker and mixed with a magnetic stir bar for a minimum of 45 min (no further GUS 
was released for longer extraction times). The pH and solvent (water, NaPi buffer, or NaCl 
solutions) were initially varied to determine optimal conditions. The pH of extracting 
solution was adjusted to values ranging from 2 to 10 using 0.1 M and 1 M NaOH and HC1. 
After mixing, the solids were removed by centrifugation for 40 min, at 4°C at 10,000xg 
(Sorvall RC5B Plus; DuPont, Wilmington. DE). The supernatant was further polished by 
filtration through a 0.22-pm syringe filter. 
Diafiltration 
Pea extract taken with deionized (DI) water at pH 8 was used as the test solution and 
diafiltered with DI water at pH 8. Millipore regenerated cellulose membranes with 30,000 
NMWL (30 YM) and 100,000 NMWL (100 YM) were evaluated. Transmembrane pressure 
was set at 45 psi for the 30-kDa NMWL membrane and 10 psi for the 100-kDa NMWL 
membrane. The pH of the retentate was maintained at 8 with small additions of 0.1 M NaOH 
as the pH tended to drift down slightly with time, creating a small amount of precipitate if not 
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corrected. Permeate amounting to at least 16 times the original volume was collected and, 
along with the remaining retentate, analyzed for total protein, carbohydrates, and GUS. 
Isoelectric Precipitatio 
After preparing 100 ml of a DI water extract at pH 7.0 as discussed above, the pH 
was adjusted, both up and down, with 0.1 M NaOH and 0.1 M HC1 by mixing with a 
magnetic stir bar. At stable pH values (constant pH for a minimum of 5 min) 1 -mL samples 
of the homogeneous solution were collected while the solution remained mixing. Samples 
were then microcentrifuged in 1.5-mL vials for 30 min at room temperature and 12,000 rpm. 
The resulting supernatant was evaluated for total protein, total carbohydrates, and GUS 
activity. No attempt was made to redissolve any precipitate formed. 
Polyelectrolyte Precipitation 
The cationic polymer polyethyleneimine (PEI) was utilized to precipitate GUS from 
an extract of the transgenic pea flour taken at pH 7 with DI water. Precipitation tests were 
performed in 1.5 mL microcentrifuge tubes. The extract was initially diluted to 1.0 mg/mL 
total protein which resulted in GUS activity of approximately 250 U/mL. This was done in 
order to make a direct comparison to polyelectrolyte precipitation studies conducted 
previously in our labs with other plant hosts. After adding 500 pL of the pea extract to the 
test vial, increasing amounts of PEI stock solution (made by diluting concentrated stock 
purchased from Sigma to 1.0 mg PEI/mL with DI water) were added to yield between 0 and 
400 mg PEI/g total protein. Finally, DI water was used to make the total volume of each tube 
0.750 mL. The mixture was vortexed for 10 sec, incubated at room temperature for 45 min, 
and microcentrifuged at 12,000 rpm for 30 min to remove any formed precipitate. A total of 
0.720 mL of the supernatant were removed and evaluated for residual GUS activity and total 
69 
protein. The pellet remaining in the tube was then washed by addition and removal of 1.0 
mL of DI water. Lastly, the precipitate was redissolved with 0.720 mL of 2.5 M NaCl and 
vortexed for 5 sec. The resulting solution was again analyzed for GUS activity and total 
protein. 
Ion-Exchange Chromatography 
Carboxymethyl (CM Sepharose CL-6B, Sigma. St. Louis, MO) and 
diethylaminoethyl (DEAE Sepharose CL-6B, Sigma) were used as cation and anion 
exchangers, respectively. Columns were packed to 6.5 cm in a 1 cm • 10 cm length column 
and chromatography was performed using a Bio-Rad (Hercules, CA) fast-performance liquid 
chromatography (FPLC) system controlled by BioLogic software. 
Both forms of ion-exchange chromatography utilized 50 mM NaPi, pH 7.0 (buffer A) 
as the equilibrating buffer, and 50 mM NaPi + 1 M NaCl, pH 7.0 (buffer B) for the elution 
buffer. All extracts were made with buffer A as the extracting solution. Five mL of the 
clarified plant extract were loaded onto the column. Protein elution was accomplished by 
applying a linear gradient form 0 to 75% buffer B over 300 min. One mL/min flow rate was 
adopted for all chromatographic experiments. Fractions were collected in 5-mL aliquots. 
Immobilized Metal Affinity Chromatography (IMAC) 
IMAC was performed using the same FPLC system with a column containing 5 mL 
of metal chelating resin - either iminodiacetate (IDA) from Novagen (Madison, WI), or 
nitrilotriacetate (NTA) from Qiagen (Valencia, CA) that was washed and loaded with cobalt 
(Co+2) as described by Zhang et. al. (2000). 
Transgenic seed was extracted with 50 mM NaPi, pH 7.0, and column equilibration 
was completed with the same buffer. Typically for IMAC, 1 M NaCl is added to buffers to 
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discourage non-specific binding. However, a high NaCl concentartion reduced GUS activity 
in a transgenic pea extract and was therefore eliminated from the equilibration buffer. Two 
mL of clarified transgenic extract were loaded, and elution was from 0 to 500 mM imidazole 
in 120 min at 1 mL/min flow rate. 
Analytical Methods 
All relevant solutions were tested for GUS activity (employing the method of 
Jefferson and Wilson (1991)), total protein (using Pierce Coomassie Plus Reagent), 
carbohydrates (using the phenol-sulfuric acid method of Dubois et. al. (1956)), total 
phenolics (by the method of Xu and Diosady (1997)), and pH. 
Results and Discussion 
Extraction Conditions 
Figure 1 shows the solubility of GUS and total protein when transgenic pea flour was 
extracted with different solvents (note: GUS activity was measured at standard assay 
conditions regardless of extracting solvent). Extraction conditions can be utilized to 
maximize the ratio of target protein to native (contaminating) proteins (Austin et al., 1994; 
Azzoni, et al. 2002). Here, the results of Figure 1 show that to maximize GUS concentration 
in the transgenic pea extract a pH of 7.0 should be utilized. While a 50 mM NaPi solution 
did not affect GUS activity, addition of 1 M NaCl reduced GUS activity in the extract by 
approximately 20%. The decrease in GUS activity seen for pH values above and below 7.0 
may be the result of either lower solubility or loss of activity (or both). Total soluble 
carbohydrate levels remained constant for all conditions (results not shown). 
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Diafiltration 
As expected, based on the large size of the 1 IS and 7S pea proteins, as well as GUS 
(molecular weight of approximately 270 kDa [Jefferson et al., 1986]), nearly all of the 
proteins remained in the retentate. When utilizing the 30-kDa MWCO membrane, 96% of 
GUS activity and 93% of total proteins were withheld. Similarly, for the 100-kDa 
membrane, 95% of GUS activity and 85% of total pea proteins were retained above the 
membrane. The larger molecular weight cut-off allowed slightly more proteins to pass 
through the membrane, but still 85% were retained. Regardless of filter pore size, 
carbohydrates were almost completely removed, as only 5% remained (further reduction may 
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Figure 1. Extraction of GUSH6 (solid points) and total protein (hollow points) from 
transgenic pea flour as they change with different pH values and solvents. All extracts were 
done at a ratio of 1 g solid to 10 mL solvent for a minimum of 30 min. Values represent the 
average of a minimum of two replications, with less than 5% difference. 
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have been possible with greater diavolumes). These results are consistent with evaluation of 
the membrane filtration process of a non-transgenic pea extract (Wiege et al., 1993). 
Compared to similar filtration experiments conducted in our lab with other plant 
hosts, the time needed for diafiltration of pea extract was roughly half the time needed for the 
same diafiltration of corn germ (extracted at 1 g solid to 4 mL liquid) and soy (extracted at 1 
g solid to 10 mL liquid) and one quarter the time necessary to process a canola extract (1 g 
solids to 10 mL liquid). This may be a consequence of the relatively low phenolic acid 
content in the pea extract, which may discourage precipitate formation compared to extracts 
with elevated phenolic levels. The faster filtration time may also result from compatibility of 
the native pea components with the regenerated cellulose (no adverse reactions that may foul 
the membrane), although no other membrane styles were evaluated in this study. 
Isoelectric Precipitation 
A transgenic pea extract taken with DI water at pH 7.0 was used as the initial solution 
for isoelectric precipitation. Figure 2 displays GUS activity and total protein remaining in 
solution after pH adjustment. The total protein curve confirms literature results (Megha and 
Grant, 1986; Sosulski and McCardy, 1987) that a majority of native pea proteins are acidic in 
character with an isoelectric point of approximately 4.5. For pH values above 7.0 the drop in 
GUS present is most likely due to a loss of activity (Jefferson and Wilson, 1991) and thus 
may not reflect precipitation. Below pH 7.0 native pea proteins drop out of solution more 
readily than GUS. For instance, at pH 5.5, nearly 80% of initial GUS activity remains in 
solution while only approximately 20% of the initial total protein is present. Total 
carbohydrate levels in solution remain constant for all pH values (data not shown). It should 
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Figure 2. Isoelectric precipitation of GUSH6 (solid points) and total protein (hollow points) 
after extracting transgenic pea flour at pH 7.0 with DI water. Results are for a single 
experiment without duplication. 
be noted that this method would appear to be ideal for initial fractionation and concentration 
of a recombinant protein with isoelectric point above 7, although this was not proven in this 
study. These results are similar to those found with canola, where approximately 70% of 
extracted canola proteins were precipitated by lowering the pH to 5 and leaving a basic 
model protein in solution (Zaman et al., 1999). 
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Polyelectrolyte Precipitation 
Figure 3 shows the polyethyleneimine (PEI) precipitation of GUS and total protein 
from a transgenic pea extract taken with DI water at pH 7.0. While it is possible to 
precipitate GUS completely, the dosage requirement is unfortunately at the same level where 
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Figure 3. Polyelectrolyte precipitation of GUSH6 (solid points) and total protein (hollow 
points) with increasing dosages of poly(ethyleneimine) (PEI). Results are for a single 
experiment with no duplication. 
70% of the native pea proteins co-precipitate. This reinforces the acidic character of the 11 S 
and 7S storage proteins of pea. Redissolving the formed precipitate with a 2.5 M NaCl 
solution allowed for nearly 100% recovery of initial GUS activity with a purification factor 
of approximately 1.5 (results not shown). The purification factor is defined as the ratio of 
specific activity after recovery to that in the initial extract. No attempts were made to 
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optimize the precipitation conditions (i.e. altering the pH, ionic strength, or polymer 
molecular weight). 
The results found for pea are nearly identical to those found from doing similar 
experiments on a spiked soy extract (Menkhaus, et al., 2002). Also for comparison, wild-
type GUS was 100% precipitated from canola with only 30 mg PEI/g total protein and could 
be recovered completely with up to an 18-fold purification. In corn, full removal of GUS 
from solution required nearly 200 mg PEI/g total protein, and it was entirely recovered with a 
2.6 times enrichment. Furthermore, addition of a 10-unit poly(aspartate) tail on wild-type 
GUS did not enhance selectivity of PEI precipitation from canola, corn, or soy (Menkhaus. et 
al., 2002). 
Ion-Exchange Chromatography 
Cation-Exchange Chromatography 
Very few native pea proteins bound to the carboxymethyl resin (results not shown). 
Approximately 80% of the total protein and 96% of the GUS was not adsorbed to the resin. 
This confirms that a basic (positively charged) recombinant protein could potentially be 
purified from pea with minimal processing. 
Anion-Exchange Chromatography 
Figure 4 displays the anion-exchange chromatography results for transgenic pea 
extract. Native pea proteins are eluted in two main peaks, with two sub-peaks within each 
main peak. Recombinant GUSH6 elutes in the middle of the first (larger) main peak. It was 
possible to obtain nearly 100% of the initial GUS activity in this peak, but with only modest 
enrichment. By combining fractions with over 5% of the added GUS exhibiting a 
purification factor over one as the pooling criteria, the overall yield was 83% with an 
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enrichment ratio of 3.1. If genetically-modified GUS containing 10 aspartate units was used 
and if it eluted with the same salt concentration as that found by Zhang and Glatz (2001), it 
would appear in the valley between the two main double peaks. 
Immobilized Metal Affinity Chromatography 
Two different metal chelating resins, iminodiacetate (IDA) and nitrilotriacetate 
(NTA), each loaded with cobalt (Co+2), were evaluated with transgenic pea extract. Results 
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Figure 4. Anion-exchange chromatogram of transgenic pea extract and fraction analysis for 
GUS activity. Results are for a single replication. The thick dashed line represents GUS 
activity while the thin dotted line shows the elution gradient from 50 mM NaPi, pH 7.0, to 50 
mM NaPi + 1M NaCl, pH 7.0. 
are shown in Figure 5 for IDA. Not insignificant is the fact that recombinant GUSH6 did 
bind to the resin and elute from the column as a single sharp peak, thus proving the existence 
and integrity of the engineered poly(histidine) tail. Further confirmation was given by 
finding nearly identical results for the spiked non-transgenic pea extract with E. coli GUSH6 
on the cobalt IDA column. It should be noted that not including 1 M NaCl in buffers for the 
transgenic experiment did not appear to change the native protein binding and elution 
characteristics. 
Comparison of IDA and NTA results (NTA chromatogram not shown) suggested that 
each was capable of providing respectable GUSH6 yield and purification. Co+2 IDA gave 
approximately 97% recovery of GUS activity in the GUS elution peak, with a purification 
factor of approximately 200. Only 2% of the native pea proteins were eluted concurrently 
with GUS from the Cobalt IDA resin. For Co+2 NTA, many more native proteins 
(approximately 26%) were bound to the metal. However, GUSH6 was eluted at a higher 
imidazole concentration, and was ultimately able to provide better purification than IDA. 
100% of GUSH6 activity was accounted for in the GUS elution peak from NTA, with 
enrichment factors over 260. In contrast to Zhang et. al. (2000), who evaluated GUSH6 
recovery from canola, no immediate loss of activity was found for GUS in imidazole. It may 
be possible that pea has a stabilizing agent in the extract, or that canola has a GUS inhibiting 
component eluted with it. 
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CHAPTER 4. COMPATABILITY OF COLUMN INLET AND 
ADSORBENT DESIGNS FOR PROCESSING OF CRUDE CORN 
EXTRACT BY EXPANDED BED ADSORPTION 
A paper for submission to Biotechnology Progress 
Todd J. Menkhaus and Charles E. Glatz 
ABSTRACT 
Three inlet flow distribution devices (mesh, glass ballotini, and localized mixing) and 
six adsorbents with different physical (size and density), chemical (ligand), and construction 
(base matrix) properties were evaluated for their compatibility with processing crude corn 
endosperm extract by expanded bed adsorption. Windows of application were defined for 
acceptable operation based on different combinations of inlet device and adsorbent with 
feeds containing different sizes and concentrations of corn solids. Of the inlet devices 
evaluated, the design with localized mixing at the inlet (as produced commercially by 
Upfront Chromatography A/S) allowed solids up to 550 pm into the column without 
clogging for all flow rates evaluated. A mesh at the inlet with size restriction of either 50 (am 
or 80 pm became clogged with very small corn particles (<44 (j.m). When glass ballotini was 
used, large particles (550 nm) passed through for high flow rates (570 cm/h), but even small 
(<44 pm) particles became trapped for a lower flow rate (180 cm/h). After entering the 
column, the physical and chemical properties of the resin dictated if all solids could be 
eluted. Adsorbents produced by Upfront, made to be denser than those manufactured by 
Amersham Biosciences, were capable of successful operation (complete elution of all added 
corn solids) with larger and more concentrated feeds of com solids due to a higher flow rate 
for 2X expansion (570 cm/h for Upfront vs. 180 cm/h for Streamline). All corn solids <162 
|nm eluted through non-derivatized Upfront resin. Larger corn solids began to accumulate 
due to their elevated sedimentation velocities. Feeds of <44 p.m solids at 0.45% and 2.0% 
dry weight successfully eluted through ion exchange adsorbents (DEAE and SP) from 
UpFront. However, significant accumulation occurred when the solids size increased to a 
feed of <96 p.m solids, thus indicating a weak interaction between corn solids and both forms 
of ion exchange ligands. Expanded beds operated with Streamline ion exchange adsorbents 
(DEAE and SP) did not allow full elution of corn solids of < 44 nm. A hyperdiffuse style 
EBA resin produced by Biosepra (Ciphergen Biosystems) with CM functionality showed a 
severe interaction with corn solids that collapsed the expanded bed. This phenomenon could 
not be eliminated with elevated flow rates or higher salt conditions. 
INTRODUCTION 
The use of transgenic plants for the commercial production of pharmaceutical and 
industrial proteins has moved beyond being considered as a promising potential and is now 
becoming a reality. Several products for human and animal health produced in plants are 
undergoing clinical trials and some recombinant proteins from plants for diagnostic 
applications are currently available on the market (1,2). The low cost and safety of 
production, ease of scale-up, and ability to yield "humanized" proteins make plants an 
attractive alternative to the traditional microbial and mammalian cell culture systems. For 
these reasons and others, reviewed in recent publications (3-5), plant agriculture has been 
targeted by several companies for the current and future biomanufacturing of recombinant 
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biotech-based drugs - especially large volume products (6). At the same time, there are 
many obstacles associated with this currently immature technology (i.e. inconsistent and low 
expression levels, bioequivalency and reproducibility, and social and political issues) to 
overcome before widespread adoption is realized. Chief among these challenges is the need 
to devise efficient processes for the extraction and purification of the recombinant protein 
from the raw plant material, as these stages account for over 90% of the overall production 
costs (7). 
Literature reports regarding the processing of transgenic plant material for the 
recovery of recombinant proteins are beginning to accumulate. Traditional means for 
conditioning and fractionating the seed/leaf from a variety of hosts (e.g. corn, canola, soy, 
and tobacco), followed by aqueous extraction and conventional protein purification 
techniques (i.e. centrifugation, precipitation, and chromatography) have successfully purified 
the recombinant protein (8 and references therein). However, nearly all of these studies have 
been conducted at bench-scale, where the solid/liquid clarification step has been completed 
by high-speed centrifugation - an operation that is not feasible at larger scale. The need to 
evaluate clarification options and/or operations that are capable of functioning in the 
presence of solids is further magnified by the fact that plant extracts generally contain a high 
solids content (-10-25% w/w) and have a large range of particle sizes (sub-micron through 
millimeter) (9). 
Expanded bed adsorption (EBA) has received a great deal of attention as an 
integrative protein purification technique that enables the isolation of product directly from 
crude, solids-containing feed stocks. It is capable of combining clarification (replacing 
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centrifugation or microfiltration), concentration (replacing ultrafiltration) and 
chromatographic separation (replacing packed bed chromatography) into a single unit 
operation. EBA operates with specially designed adsorbent beads that have a size and/or 
density distribution. These resins allow for stable fluidization of the chromatographic bed 
(minimal back mixing of both stationary and mobile phases) with bed expansion that allows 
passage of feed solids (10-12). This technique has been successful with a variety of feeds, 
including culture broths, homogenates, milk, and some plant extracts (13 and references 
therein). 
Several key factors determine the compatibility of a crude material with a particular 
EBA unit. First, the concentration of solids in the feed must be limited. Nayak et al. (14) 
found that for a crude fermentation broth of Elebsiella pneumoniae pneumonia, severe 
channeling and inefficient adsorption (characterized by early breakthrough) were observed 
when the dry weight of feed was greater than -14%. Similarly, the efficiency of EBA 
performance was compromised for whole Saccharomyces cerevisiae cells and S. cerevisiae 
homogenate at 12% wet weight (15), an Escherichia coli homogentate at loads of more than 
8% dry weight (16), and a Pichiapastoris feed at between 10 and 12.5% wet weight (17). 
Second, the potential for interaction of the biomass with the adsorbent base matrix and ligand 
should be considered. This is because as solid material binds to resin, the adsorption of the 
product molecule is reduced and stable hydrodynamics of the expanded bed deteriorate. This 
detrimental phenomenon occurs for a variety of cell/resin combinations (18-21). Most 
notably, bacterial and yeast cells form detrimental complexes with anion exchange resins, 
and hybridoma cells interact significantly with cation exchange adsorbents. It should also be 
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noted that no solid/resin interaction was found for a canola extract applied to an EBA column 
containing an anion exchange resin (13). 
While reports of EBA applications with plant extracts are less abundant than other 
traditional production hosts, those studies that have been completed have provided several 
important considerations specific to plants. A major concern when utilizing EBA with plant 
material is the propensity for the column inlet to clog with subsequent increase in column 
pressure and reduction in adsorption efficiency (9,13,22,23). The clogging problem can be 
mitigated with proper processing of the plant extract prior to loading on an EBA unit to 
ensure a maximum size and concentration of solids are not exceeded. These maxima are 
thought to depend on the style of column utilized, as different modes for flow distribution at 
the column inlet have been evaluated. When the Streamline column design (Amersham 
Biosciences, Piscataway, NJ), which utilizes a perforated plate and 50 |_im mesh at the inlet, 
was evaluated with a crude canola extract, a short centrifugation step was imperative to 
remove all particles larger than 50 pm for successful operation of the EBA unit. If even a 
small proportion (<1% w/w) of the canola particles exceeded this size limit, clogging of the 
inlet was observed with elevated volumes of feed loaded (9). The second style of EBA 
column inlet studied is based on a stirring device at the column base with feed being 
introduced above a restriction mesh. The design has been commercialized (10,24) by 
Upfront Chromatography A/S (Copenhagen, DK). Similar to the results for the Streamline 
design, pre-EBA processing of the plant extract was necessary. When a crude potato juice 
extract was processed with EBA, a combination of filtration and gravity sedimentation was 
utilized to reduce the concentration and size of solids in the feed (23). Likewise, for a tulip 
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bulb extract, the original extract was filtered through a layer of Miracloth and diluted two­
fold prior to EBA application (22). No specific size or concentration of solids in the EBA 
feed were identified in these latter two studies. A third style of inlet device employs glass 
ballotini (0.3 mm diameter, < 5% of the sedimented bed height) at the column base (15). 
This mechanism was sufficient for appropriate flow distribution without clogging when 
utilized with bacterial and yeast feeds, but has not been tested with plant material. 
In addition to crude feed solids clogging the inlet, another potential concern is the 
ability to elute all fed solids after entry into the column, even when assuming no interaction 
between the adsorbent and solids. Although to our knowledge this has not been reported as a 
difficulty in the literature, it would appear problematic, especially for plant solids due to their 
relatively larger size and density. It may be possible that the sedimentation velocity of the 
plant material approaches or exceeds that of the adsorbent. If this occurred, successful 
removal of all solids from the EBA unit would not be possible without loss of valuable resin 
particles. Thus, the physical properties of the adsorbent (size and density), and the 
corresponding hydrodynamic nature, may further restrict the properties of the feed material. 
It is expected that larger and/or denser resin beads will allow for sufficient elution of larger 
solids present in the feed because they are able to operate at higher linear flow rates. 
Currently, there are several options of commercially available resins that have been 
developed specifically for employment with EBA, each with its own size and density range 
(25). Other EBA resins have been reported in the literature, but they are not commercially 
available at this time (14,26). 
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The restrictions of size and concentration of solids, as well as the potential for solids 
interaction with resin influence the degree of pre-EBA processing requirements (e.g. milling 
of plant material, partial clarification, dilution with buffer, and buffer composition) and place 
limits on acceptable ligands. Thus, there will be windows of operation that define successful 
application of EBA with plant extracts. The acceptable combinations of a particular crop, its 
size and concentration of solids, and type of ligand will depend on the choice of column inlet 
design and adsorbent properties. It is the aim of this work to establish the boundaries for 
these windows of application when utilizing a corn endosperm extract as the feed material. 
Three different inlet flow distribution mechanisms will be evaluated: perforated plate with 
mesh (50 fim and 80 pm), perforated plate with glass beads, and a mixing device at the 
column inlet. Along with these, different resin physical properties (size and density ranges), 
ligands (anion exchange and cation exchange chemistry), and base matrices (6% agarose and 
hyperdiffuse gel) will be tested for compatibility with corn endosperm extracts with different 
sizes and concentrations of solids. 
MATERIALS AND METHODS 
Pre-EBA Corn Processing 
Corn Sample 
50 lbs. of yellow dent corn endosperm was received from Bunge Lauhoff Grain 
Company (St. Louis, MO) in a degermed, milled state. The sample was stored in 5 lb. 
aliquots at 4°C during the duration of this study (approximately 6 months). 
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Dry Sieving 
Dry sieving of the yellow dent corn to fractionate the solids by size prior to extraction 
was completed in 2.5 lb. batches using a rotary screen shaker (Ro-Tap, W.S. Tyler, Inc.; 
Mentor, OH). Sieves No. 20, 40, 60, 80 (177 (am), 100 (149 |am), 120 (125 (am), 140 (106 
jam), and 200 (74 (am) were employed for the sieving. Unless otherwise noted, fractions 
were prepared such that each sieve acted as the smallest cut-off. In other words, material was 
processed to have solids <74 (am, <106 jam, <125 (am, etc. and not 74-106 (am, 106-125 jam, 
etc. 
Extraction 
The appropriate size fraction of corn solids was taken from the dry sieving operation, 
weighed, and combined with a necessary amount of appropriate buffer to yield the desired 
solids concentration. The slurry was mixed for a minimum of 30 min before addition to the 
EBA unit. Dry weight analysis of the feed extract was evaluated for each experiment as 
discussed below. 
Wet Filtration 
In some cases an extract taken from unsieved yellow dent com at 1 g solids to 2 mL 
extraction buffer was filtered prior to EBA application. Filtration was conducted with a 
vacuum device with coarse extract added above a 44 jam mesh. The retentate slurry was 
continuously mixed vigorously to discourage cake formation. The resulting filtrate was 
utilized as feed for EBA. 
Expanded Bed Adsorption Equipment, Adsorbents, and Chemicals 
EBA Column Arrangements 
For experiments using the Amersham Biosciences EBA column design, a Streamline 
25 column (25 cm ID X 100 cm height) with flow distribution provided by a perforated plate 
and 50-p.m mesh at the inlet was employed. No mesh was in place at the column outlet. 
Where appropriate the 50-jnm mesh was replaced with either an 80-jj.m net provided by 
Amersham or 0.4-0.6 mm glass beads (Glen Mills, Inc.; Clifton, NJ) placed in the bottom of 
the column to a depth of-5-8% of the total settled bed height. The unit manufactured by 
UpFront Chromatography A/S (Copenhagen, DK) was a FastLine 20 column (20 cm ID E 75 
cm height) with magnetic stir bar for mixing. In all cases the feed pump was a single-head 
Masterflex Digital-Drive L/S Standard hydraulic pump (Cole Parmer,Vernon Hills, IL). 
Peristaltic tubing consisted of approximately 2 m of Masterflex L/S 16 silicone tubing (3.1 
mm ID) upstream from the EBA inlet and approximately 1.5 m of 1.9-mm ID PTFE tubing 
downstream from the outlet. The Streamline arrangement had an additional 0.6 m of 1.9-mm 
PTFE between the peristaltic tubing and the column inlet. A UV-1 detector from Pharmacia 
with 280-nm filter was used to measure OD from the outlet stream with the output recorded 
on a chart recorder. Pressure within each system was measured via an analog pressure gauge 
attached to the column inlet. For all experiments column vertically was ensured with a spirit 
level. 
EBA Adsorbents 
Properties of the EBA adsorbents are shown in Table 1. The BioSepra resin was 
purchased from Ciphergen Biosystems, Inc. (Fremont, CA) and was composed of a 
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proprietary high-charge-density hydrogel within a gigaporus shell. All other resins were 
constructed from a 6% highly cross-linked agarose base matrix and donated by the respective 
manufacturer. 
Table 1: EBA adsorbents utilized anc relevant product information 
Manufacturer Ligand Dense Material Size Range 
(gm) 
Density (g/ml) 
Amersham1 DEAE Quartz 100-300 1.1-1.3 
Amersham' SP Quartz 100-300 1.1-1.3 
UpFront non-derivatized Glass 100-323 1.3-1.5 
Upfront DEAE Glass 100-323 1.3-1.5 
UpFront SP Steel 50-200 2.5-2.7 
BioSepra CM Zirconium Dioxide 45-105 Avg. 3.2 
- EBA resins manufactured by Amersham are referred to as Streamline adsorbents 
Chemicals 
All necessary chemicals to prepare buffers for extraction and EBA operation were 
certified A.C.S. grade purchased from Fisher Scientific (Pittsburgh, PA). Polyethylene 
(ultra-high molecular weight, 180 p,m, surface-modified) was purchased from Aldrich 
Chemical Co. (Milwaukee, WI). 
Analytical 
Particle Size Analysis 
Particle size analyses of corn samples were conducted in a wet state using a Malvern 
Mastersizer E (Southboro, MA). The unit was equipped with a small volume sampling unit 
and data analysis software. 
Dry Weight Analysis 
Dry weight determinations of corn solids present in the EBA feed and elution 
fractions were conducted gravimetrically. A known amount of sample (usually 11 mL) was 
93 
added to a pre-weighed centrifuge tube and centrifuged with a laboratory centrifuge (Sorvall 
RC5B Plus, DuPont, Wilmington, DE) with a SM-24 rotor for 30 min at 15,000 rpm, 
followed by decanting to isolate the solid material. The solid pellet was dried in an oven at 
110 °C fora minimum of 10 h and subsequently reweighed. The difference was used to 
calculate the dry weight percent solids (w/v) in the original slurry sample. 
Zeta Potential 
Zeta potential was measured to estimate the charge of corn solids in different 
solutions. A Zeta-Meter System 3.0 (Zeta-Meter, Inc.. Long Island City, NY) was utilized 
for all measurements. Extracts were prepared as above and allowed to settle for 15 minutes. 
The smallest particles remaining suspended in solution were diluted with the same buffer 
utilized for extraction to an acceptable level as suggested by the manufacturer prior to 
analysis. Each sample was assayed a minimum of three times with 25 particles analyzed for 
each sample. All analyses were conducted at room temperature. 
Evaluation of Inlet Clogging 
Clogging of the different inlet flow distribution devices (ballotini, meshes, and mixer) 
was evaluated by challenging each individual device with a crude corn extract with 
increasingly larger and more concentrated feeds until clogging was observed (by an increase 
in pressure drop and/or visual inspection by dismantling the column). Corn solids size began 
with the filtrate after wet filtration (44 |am). and steps continued with those corresponding to 
dry sieved fractions (74p.m, 106 p.m, 125 um. etc.). Upon mixing with buffer the largest size 
of corn solids in the dry-sieved fractions increased by approximately 1.3 times in all cases (as 
found by particle size analysis) due to swelling of the particles. Thus, the actual sizes 
existing in solution were <96 |im, <133 jam. <162 |im. etc. Three different concentrations 
were evaluated: 0.5% dry weight, 2.0% dry weight, and 5.0% dry weight. Higher 
concentrations of corn solids were not evaluated due to limitations of the experimental 
arrangement, as accumulation of solids in the plumbing upstream from the EBA unit 
occurred for greater than -5.0% dry weight. For all experiments in this section the extraction 
and EBA feed buffers were 50 mM sodium acetate (NaOAc), pH 5.0. No resin was present 
in the column during these experiments. Flow rates established for addition of crude feed 
were chosen to mimic those for two-times expansion of Streamline resins (180 cm/h) or 
UpFront resins (glass-core 570 cm/h, steel-core 550 cm/h). 
Corn Solids Elution with Non-Derivatized Resin (Effects of Corn Solids Size) 
A study was conducted to evaluate if com solids with increasing size could be eluted 
effectively from an EBA column containing resin, after successful entry without clogging of 
the inlet. For this, the UpFront non-derivatized resin was chosen to eliminate the chance of 
solids adsorbing to any ligand (no solids bound to the agarose matrix as discussed later) so 
that size effects of corn solids could be isolated. Experiments were conducted with the 
FastLine 20 column with localized mixing. Resin was added to the column to a settled depth 
of 20 cm and expanded to two-fold expansion with a superficial velocity of 570 cm/h. 
Yellow dent corn endosperm extract was prepared at 2.0% dry weight with different size 
corn solids as taken from the dry sieved fractions. Either 50 mM Tris-HCl, pH 8.0, or 50 
mM NaOAc, pH 5.0, was used for extraction, EBA bed equilibration, and washing. The 
expanded bed was equilibrated at constant expansion for 30 min before addition of crude 
extract. 250 ml of feed was loaded to the EBA column at the same flow rate. Subsequent 
95 
washing was also performed at 570 cm/h superficial velocity with 875 mL of equilibration 
buffer. When using the FastLine 20 column it was possible to adjust the outlet tube manually 
to maintain ~2 cm of headspace above the expanded resin surface at all times. This allowed 
sufficient space for visual inspection of solids eluting, while minimizing the dead zone to 
reduce dispersion. Fractions were collected in 23 mL aliquots for analysis of solids dry 
weight and particle-size distribution. 
Increasingly larger corn solids were added to the unit until a limit was reached where 
accumulation of plant material that could not be eluted with further washing was observed 
within the resin bed. In some instances the outlet tube was lowered to force elution of the 
retained corn solids and intermingling resin particles. In one case an inert "chaser" 
suspension was prepared with 6% (w/v) polyethylene beads (ultrahigh molecular weight, 180 
jam, surface-modified) in 50 mM Tris-HCl, pH 8.0. A short burst of this suspension (30 mL) 
was sent through the column at 570 cm/h. Eluted material was collected and analyzed for 
dry weight-percent com solids and particle-size distribution. 
Corn Solids Interactions with Cation and Anion Exchange Resins 
The interaction of com solids with the resins shown in Table 1 was evaluated for 
different sizes and concentrations of com solids. 
UpFront Adsorbents 
Four sets of experiments were conducted with each of the derivatized UpFront resins 
(DEAE with glass-core and SP with steel-core); all were completed with the FastLine 20 
column. The four tests were chosen to evaluate all combinations of "high" (2.1% dry 
weight) and "low" (0.45% dry weight) solids concentration and "small" (< 44 fj.m wet 
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filtered) and "large" (< 74 p.m dry sieved) corn solids size. In each case 20 cm of settled 
resin was used and expanded to 40 cm with equilibration/extraction/wash buffer (50 mM 
Tris-HCl, pH 8.0, for DEAE and 50 mM NaOAc, pH 5.0, for SP). The flow rate required for 
2 expansion was 570 cm/h for the DEAE glass-core resin and 550 cm/h for the SP steel-core 
resin. This flow rate was maintained for all portions of the EBA run (equilibration, feed 
loading, and washing). The outlet tube was placed ~2 cm above the top of the resin interface. 
During loading, when the bed expanded beyond 2X, the tube was manually elevated to 
sustain ~2 cm headspace at all times. The total amount of corn solids added to the column 
was approximately identical for all runs. To ensure this, the "high" concentration feeds were 
added for 5.0 minutes and the "low" concentration solutions were fed for 25 min. After 
loading, buffer was again introduced to the column for washing until no further solids eluted 
from the column. Two strategies were attempted to force elution of any retained solids: (1) a 
high salt buffer (wash buffer + 1.0 M NaCl. same pH as wash buffer) was allowed to flow 
through the column at the same flow rate as that utilized throughout each experiment, and (2) 
repeated settling and re-expansion of the bed with regular wash buffer. For all experiments, 
eluent was collected and analyzed for solids content and particle size distribution. Resin was 
regenerated by methods suggested by the manufacturer between all runs. 
Streamline Adsorbents 
Streamline DEAE and Streamline SP were evaluated in the Streamline 25 column 
with 80-p.m mesh in place at the column entrance. The feed material was wet filtered (< 44 
fam), resulting in 0.45% dry weight. Flow rate for each resin was established at 180 cm/h to 
allow for two-times expansion of the 20-cm settled resin. Feed was introduced for 25 min at 
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the same rate. Identical buffers to those used with UpFront resins were utilized for 
Streamline resins. Any solids lost at the inlet or between the pump and the inlet were 
explicitly accounted for during analysis. The sequence and style of loading, washing, and 
elution of solids was similar to that explained above for UpFront adsorbents. 
BioSepra Adsorbent 
The BioSepra CM Hyper Z adsorbent was likewise evaluated for corn solids 
interaction. The test was conducted in the UpFront column with 20-cm settled resin (prepared 
as instructed by the manufacturer), operated at 450 cm/h throughout, providing for 2X 
expansion. Feed consisted of wet filtered (< 44 ^im) yellow dent endosperm at 0.45% dry 
weight in 50 mM NaOAc + 5 mM citric acid, pH 5.0, added for 25 min. Equilibration and 
washing were completed with the same buffer. The protocol discussed above was again 
followed for all stages of the analysis. 
In addition to the "pulse response" method for determining solids/resin interactions, a 
series of batch adsorption experiments were also completed with increasing levels of salt in 
the crude extract. For these, seven different crude feeds were prepared by wet filtration (< 44 
|a.m) of yellow dent extract made with 50 m M NaOAc + 5 mM citric acid, pH 5.0 (Buffer A), 
Buffer A + 50 mM NaCl, A + 100 mM NaCl, A + 200 mM NaCl, A + 350 mM NaCl, A + 
550 mM NaCl, and A + 1.0M NaCl, all at pH 5.0. Adsorption analysis was conducted by 
adding 0.500 g of vacuum-drained resin to a 1.5 mL microcentrifuge tube. 1.0 mL of buffer 
A was then added to each tube and allowed to equilibrate for 1 h with continuous gentle end-
over-end rotation. These tubes were then microcentrifuged at 8,000 rpm for 15 s, and all 
liquid above the settled resin was removed. This was followed by addition of 1.0 mL of each 
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feed material to a separate tube and rotated continuously for 20 h. Resin was then allowed to 
settle, leaving the crude feed material above (corn solids smaller than 44 |im had a 
substantially lower sedimentation velocity than resin). The supernatant, along with initial 
feed slurry, were analyzed for dry weight and the amount of adsorbed solids was calculated. 
RESULTS AND DISCUSSION 
Evaluation of Inlet Design Mechanism 
An expanded bed adsorption column inlet should fulfill three primary requirements: 
(1) facilitate a stable bed by providing efficient flow distributuion at the inlet, (2) allow flow 
of unclarified feed (containing solid particulates) without clogging, and (3) retain resin 
particles when flow is stopped or reversed (10,12). Also, the scaleability of the design 
should be taken into account. These considerations (except item #1) will be discussed below 
by comparing the various inlet mechanisms evaluated. The first criteria, regarding how the 
inlet affects expanded bed hydrodynamics, is considered as it applies to the adsorption 
process elsewhere (manuscript in preparation). 
C/oggZMg 
For the FastLine column with local mixing at the inlet and no restriction mesh, 
clogging was not observed for corn particles as large as 550 |im fed to the column at a 
superficial rate of 570 cm/h (the approximate flow rate used with either UpFront resin - glass 
or steel core - to obtain 2-fold expansion). The limiting factor became the experimental 
arrangement upstream from the EBA unit. The weight percent solids in the feed must be less 
than 5.0% to ensure that tubing and connectors did not become plugged. The problem was 
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exacerbated at lower flow velocities. However, no clogging or accumulation of solids at the 
inlet was observed for solids reaching the EBA unit at flow rates as low as 160 cm/h. 
Results for the Streamline column when utilizing glass beads were similar to those for 
the FastLine device. Again, no clogging was apparent for a linear velocity of 570 cm/h in the 
column. However, when the flow rate was reduced to provide 180 cm/h (equivalent to 2X 
expansion of Streamline resin) a gradual increase in column pressure with concomitant 
accumulation of observable corn solids in the glass ballotini became evident for feeds 
containing corn particles of < 44 (j,m at either 0.5% or 2.0% dry weight. These solids were 
easily dislodged with a short burst of elevated flow rate. Loading the < 44-pm feed to the 
same design at 320 cm/h (~2.5x expansion of Streamline resin) allowed for complete passage 
of corn particles through the inlet. 
Switching to the inlet mesh for flow distribution in the Streamline 25 column was 
problematic. Using the 50-fxm net at a superficial velocity of 180 cm/h, corn solids of < 44-
fj,m (confirmed by particle size analysis) accumulated below the net when added at 0.5% or 
2.0% dry weight. Bai and Glatz (9) found that canola particles <~60 jam at 1.4% dry weight 
accumulated below the inlet mesh, and the efficiency (i.e. plate number) of the column was 
severely compromised. They were able to overcome the clogging by ensuring that all canola 
particles were strictly <50 gm. For our case, with corn endosperm, it may be possible that 
the corn particles have a greater tendency to agglomerate and form floes larger than 50 p.m. 
No attempt was made in this study to change the buffer to disrupt any potential flocculation 
of com solids. Interestingly, when using the 80-jam mesh, the same result was found -
clogging with <44 |j,m feed. It was discovered that the 80-p.m net is composed of two woven 
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layers rather than a single defining layer, which may change the actual size limit (Amersham 
Biosciences personal communication). 
Other Factors 
The third criterion for the inlet flow mechanism was to ensure that resin particles 
would not be lost if the flow is stopped or reversed. All three devices evaluated in this study 
were capable of retaining each of the resins tested (including the smaller UpFront steel-cored 
variety) without loss for a settled bed. No entrapment of resin was observed in the glass 
ballotini for settling and re-expansion. Reversed flow is not an option for the FastLine 
column, and may not be practical for the glass beads inlet mechanism (although this was not 
evaluated here). While flow reversal during elution has been used extensively with many 
studies employing the mesh (27), elution in expanded mode is nearly as efficient as elution in 
packed mode with reverse flow, and has many other advantages related to ease of operation 
(28,29). 
Finally, many examples of larger-scale applications of EBA have been completed for 
the inlet mesh design (27,30). While the feasibility of scale-up was initially questioned for 
the mixing design, a recent publication has shown promising results for a larger-scale version 
based on local mixing at the inlet (31). No evidence could be found regarding the scalability 
of using glass ballotini for flow distribution. 
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Corn Solids Elution with Non-derivatized Resin (Effects of Corn Solids Size) 
Results for elution of corn solids from the FastLine 20 column containing UpFront 
non-derivatized resin challenged with corn particles < 96 fj,m, < 133 jum, and < 162 jam (all 
sizes for hydrated solids) were all similar. Representative results are shown in Figure 1 for 
the < 162-pm experiment. Figure la displays the elution profile of corn solids along with the 
theoretical plug flow behavior. As can be seen, the < 162-^m corn solids elute with a nearly 
plug flow pattern, with a small tail of dilute solids extending at larger wash volumes. Figure 
lb displays the cumulative dry mass of corn solids eluted as a percentage of the total amount 
fed. For the < 162-jnm example this shows complete recovery of all fed solids with a wash of 
only ~1.3 times the loaded volume. The slight tailing effect of corn solids is likely due to 
buoyancy-induced mixing (32,33), as the feed slurry had a slightly higher density than the 
wash buffer. Minimizing the headspace between the expanded resin height and outlet tube 
helped to reduce greater tailing of the solids elution. In all cases the resin expanded from 40 
cm during stable equilibration to a maximum of 42 cm during loading and returned to the 
original expanded height after the wash stages. Upon settling, the adsorbent returned to 20 
cm. Results were nearly identical for tests with 50 mM Tris, pH 8.0, and 50 mM NaOAc, pH 
5.0. 
Particle size analysis of the feeds and individual eluted fractions showed no 
classification by size (data not shown). The particle size distributions for all fractions were 
identical to that of the feed solution. Thus, larger particles were not hindered during elution 
for up to 162-p.m com solids. Solids mass balance for each of the three different feeds (< 96 
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Figure 1: Corn solids elution profiles from FastLine 20 column with UpFront non-
derivatized resin at twofold expansion: (a) exit concentration, (b) cumulative recovery 
percentage of total solids fed. 
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|im, < 133 |am, and < 162 |_tm) showed 100% (±3%) closure for elution of corn solids after 
washing. 
When feed containing corn solids < 190 p.m (hydrated size) was evaluated, only 86% 
of the solids added could be recovered during wash (Figure lb). Additional washing did not 
elute more corn particles. Corn solids could be seen exclusively in the upper section of the 
column, from 38 -43 cm, mixed with a visually small proportion of resin. No com solids 
were found within the EBA setup including tubing, connections, and column inlet. Lowering 
the outlet tube to force elution of the visible com particles at the top of the expanded bed 
revealed 16% of the added solids weight could be accounted for in this fraction. An 
undetermined proportion of these solids was due to resin beads that were eluted along with 
trapped com particles. 
After removing the corn/resin mixture at the top of the expanded bed, another run was 
made with the remaining resin (settled bed height 19.5 cm, expanded bed height 38 cm). The 
same result was found, i.e. corn solids were retained in the upper portion of the bed mixed 
with a small amount of resin. This indicates that simply removing the smallest, least dense 
resin particles does not allow any more corn solids to be eluted without loss of further resin. 
Results for the < 190-|im particles shown in Figure la suggest that some initial 
accumulation of solids may be occurring because it takes a larger volume of wash to reach 
the inlet solids concentration. These are most likely "larger" particles (> 150 jam) as found 
by particle size analysis of the feed, eluted fractions, and retained solids shown in Table 2. 
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Table 2: Particle size analyses of < 190-pm feed experiment 
Sample Vol Avg Size (jim) Mode (|im) Vol% >150 |im 
Feed 73 125 11 
Eluted Fractions 69 121 8 
Retained Solids 142 165 45 
The results to this point indicated that when the concentration of corn solids was high, 
and thus interstitial velocity also elevated within the bed and headspace, corn particulates of 
all sizes could be effectively eluted. However, toward the end of solids elution, when the 
concentration was reduced, the interstitial velocity was insufficient to force the remainder of 
corn particles out of the column. The reason for accumulation of solids only in the upper 
most portion of the expanded bed can be rationalized by considering that the interstitial voids 
between resin particles become larger toward the top of the expanded bed (27.34) and thus 
reduce the effective velocity experienced by the com particles. Therefore, a test was 
conducted where, after establishing a steady state condition where no further com solids from 
a < 190-fim feed were being washed from the column, an inert "chaser" of polyethylene 
beads (surface modified, 180 |am) was introduced as a concentrated pulse. This was 
sufficient to force the remaining com solids from the column (by visual inspection and dry 
weight analysis of com). Upon settling, no loss of EBA resin or contamination of resin with 
polyethylene was observable. This approach is similar to using a plug of dense fluid to 
accelerate washing when buoyancy-induced mixing is a concern (32). It is unknown if the 
surface-modified (includes additional acid and base units to enhance hydration) polyethylene 
beads would be an acceptable material as a "chaser" for ion exchange resins. 
For the nonderivatized UpFront resin with glass core used in this study, at a flow rate 
sufficient for 2X expansion, all that can be said with certainty is that yellow dent com 
endosperm particles of < 162 fim can be successfully eluted with a simple wash. Larger 
particles, which become trapped, can be forced out with an inert chaser. Quantitative 
extension of these results to other resins with different properties is only speculative at this 
time. However, based on the size and density of the resins shown in Table 1. it may be 
possible to estimate the maximum size for a corn endosperm solid to be eluted based on 
either Stokes' Law (Equation 1), or the Richarson-Zaki correlation (Equation 2). 
In equations 1 and 2, ut is the terminal settling velocity of a solid particle with diameter dp 
and density pp, in a solution of density p and viscosity //, and g is the gravitational constant. 
The superficial flow velocity is given by w. bed void space by e, and Richardson-Zaki 
exponent by n. 
Using equation 1, it is possible to calculate the size of com solid that has the same 
terminal velocity as a resin particle that is located at the top of the expanded bed. Likewise, 
using expansion data (degree of expansion versus superficial flow velocity) and the 
Richardson-Zaki equation, the bed averaged terminal velocity of the resin can be determined 
(13). From this, the size of com solid with an equivalent terminal velocity can be calculated 
from Stokes' Law. Both calculations will estimate the size of the smallest corn solid 
expected to become trapped in an expanded bed (or identically the largest corn solid eluted) 
for resins with different physical properties. 
Table 3 displays the calculated values of thr largest com solid that would theoretically 
elute for resins with physical properties as listed in Table 1. For these calculations the 
(1) 
t i  — U t£  n (2) 
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density of corn endosperm solids is 1.37 g/cm3 (from terminal settling velocity of a single 
corn particle and for the assumption of a spherical solid falling in the intermediate region of 
particle Reynolds number [36]) and solution density of 1.03 g/cm3 (from direct gravimetric 
analysis). When using the method based on size and density of resin particles at the top of an 
expanded bed, literature reported values for Streamline adsorbents were employed. These 
stated that the average resin size at the top of a two fold expanded bed was 140 pm (34,37), 
with a density of 1.15 g/cm3 (27). No such values have been reported for other resins. Thus, 
similar percentages were estimated for each resin such that the resin size was 1.4 times the 
"smallest" particle in the listed range and the density was 1.15 times the "least dense" 
particle in the listed range. The Richardson-Zaki correlation was fit to expansion data as 
described elsewhere (13). The calculated terminal velocity for each resin by fitting the 
Richardson-Zaki equation was as follows: Streamline = 0.206 cm/s, UpFront glass-core = 
0.730 cm/s, UpFront steel-core = 0.669 cm/s, and BioSepra hyperdiffuse = 0.573 cm/s. 
Table 3: Theoretical estimates of largest corn endosperm solid to elute from an expanded 
bed of different resins. 
Largest Theoretical Corn Solid E uted 
Method of resin Method from Combination of 
Resin particles at top of Richardson-Zaki Methods 
an expanded bed expansion data 
Streamline 00
 
ON
 
1
 
97 jam i 0
 
1
 
UpFront Glass-core 140 um 183 pm 177 um 
UpFront Steel-core 153 jxm 175 jam 194 (am 
BioSepra 160 |im 162 (im 203 pm 
As stated earlier, the experimental evidence suggests that for the UpFront glass-core 
resin the largest corn solid size eluted was 162 jim. Thus, the method based on Stokes' Law 
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to calculate the terminal velocity of particles at the top of an expanded bed underestimated 
the size cutoff. This is most likely because Stokes' Law does not take into account the affect 
that other particles have on the process. It assumes a value only for a single solid, not an 
entire bed of particles. On the other extreme, the Richardson-Zaki correlation accounts for 
the influence of all solids, but does not allow for how the hydrodynamics (i.e. velocities, void 
space, etc.) change within the bed. Rather, it uses an average for the whole column and is not 
specific for the top of the bed where corn solids first accumulate. It is known that smaller, 
less dense resin beads collect at the top (34,36), and thus using a terminal velocity based on 
the entire length of bed will overestimate the actual value for particles at the top. 
A combination of the two methods discussed above may work best. If the terminal 
velocity for a single particle at the top of the expanded bed is used along with a the 
Ricardson-Zaki correlation to account for other resin particles the following equation can be 
derived: 
= (3) 
ut,one 
where uU m i x  and s,  are the terminal settling velocity for the mixture of resin particles and void 
fraction at the top of an expeanded bed, respectively, and uUone is the calculated terminal 
settling velocity for a single resin particle based on Stoke's Law. In this way, the maximum 
size of corn solid eluted can be calculated as donJ(£t)- where done is the estimate based on the 
Stokes' law method. The void space at the top of an expanded bed is approximately 0.95 
(34,37), while the n value is relatively constant at 4.65 (±0.08). Calculated values for the 
largest corn solid expected to elute are shown in Table 4. For the UpFront glass-core resin, 
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the estimate based on this combined method is closest to the actual experimental value. 
Furthermore, since the size cutoff of sieved solids forced a step from 162 p.m to 190 p.m to be 
tested experimentally, it is possible that corn solids > 162 pm may be successfully eluted (i.e. 
the predicted value of 177 jam). 
In general, those resins that function well in the presence of larger solids would be 
beneficial in requiring less pre-EBA processing (either less grinding/particle size reduction or 
less pre-clarification). Furthermore, the flow rates at which the UpFront resins operate are 
substantially higher than those of the Streamline resins. This is beneficial from the 
standpoint of reduced processing time for a given volume of feed, but it does reduce the 
residence time for protein adsorption. Also, the different size distributions and ligand support 
for the various resins will affect the protein adsorption characteristics, as discussed in a 
separate manuscsript. The appropriate choice will depend on the particular crop, how it is 
processed, and the adsorption kinetics of the target protein. 
Corn Solids/Adsorbent Interactions 
The results from the previous section dealt with a non-derivatized adsorbent. 
However, in actual application where a target protein is to be captured, a ligand will 
invariably be present. For the UpFront resins (DEAE glass core, and SP steel core) all 
combinations of either "high" (2.1% dry weight) or "low" (0.45% dry weight) corn solids 
concentration with either "large" (< 96-pm hydrated) or "small" (< 44-p.m hydrated) corn 
particles were evaluated. 
For the DEAE chemistry, when a feed of either high or low corn solids concentration 
with large size was introduced to the column, substantial corn solids failed to pass through 
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the column. Figure 2 shows the elution profile and cumulative solids recovery for two trials 
run with the combination of high concentration, large solids. During loading, the bed 
expanded from its equilibration height of 40 cm to a maximum of 53 cm. Trial 1 had -45% 
of the fed solids appear in the initial wash where 100% of the solids had eluted for the non-
derivativzed resin under identical conditions (Figure 1). In Trial 2, with conditions 
replicating Trial 1 through the initial wash stage, -60% of the added solids eluted during the 
wash. In each case the remainder of solids could be eluted from the column using different 
approaches. In Trial 1 a high salt buffer (50 mM Tris-HCl + 1 M NaCl, pH 8.0) "released" 
the additional solids in a relatively broad peak, as seen in Figure 2a. For Trial 2, a series of 
six repeated stages where the expanded bed was settled and re-expanded allowed all 
remaining solids to be washed from the column. Previous studies detailing adsorption of 
microbial cells to resin found that changing the ionic strength or pH of the loading solution 
prevented an interaction ( 18). No reports have attempted the settling/re-expansion approach. 
Figure 3 shows results for a single trial conducted with low concentration of large solids. 
The same behavior was observed here as was seen with the large solids at high concentration, 
except that a greater percentage of the solids were initially eluted in the wash stage for the 
less concentrated feed. Expansion during loading of the lower concentration feed reached a 
maximum of 45 cm. In all cases, after complete removal of corn solids the bed returned to 
the initial bed height of 40 cm. 
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Figure 2: Corn solids elution profiles for feed of <96 pm corn solids at 2.1% dry weight with 
UpFront DEAE resin in FastLine 20 column. T1 and T2 refer to two trials where only the 
forced elution method to free trapped solids was altered: (a) relative exit concentration, (b) 
cumulative recovery as percentage of fed solids. 
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These findings have several important implications. First, the two trials for high 
concentration, large solids show poor reproducibility. This may point to an inefficient 
regeneration of resin after the first trial, or a random, unaccounted-for factor may cause more 
or less solids to be withheld under conditions intended to be identical. For instance, 
accumulation of solids may lead to instability that is not deterministic. Second, the reason 
for solids not eluting during regular washing is unclear. Zeta-potential of corn solids 
suspended in 50 mM Tris-HCI, pH 8.0 was -25 mV, which would suggest that they could 
potentially form an ionic interaction with the DEAE resin. The charge characteristics for 
corn solids, though, are very similar to those of canola (-22 mV) where no interaction with 
Streamline DEAE was encountered (13). There may be a weak set of interactions (ionic and 
hydrophobic) directly between corn particles and DEAE resin or between corn solids and 
regions where other native corn components have already bound. 
Or, poor hydrodynamics (high degree of back mixing) may be contributing to poor 
elution. Apparently, the interaction is not entirely ionic, as simply allowing the bed to settle 
and re-expand is able to release the solids. At the same time, the increase in salt does elute 
all solids without settling and re-expansion. The change to a higher ionic strength and a 
higher density buffer may disrupt the flow pattern enough to alter the hydrodynamics and 
force any solids trapped in stagnant regions out, similar to results found with systems with 
buoyancy-induced mixing problems (32,33). Third, reducing the concentration of corn solids 
by approximately one-fifth allowed a greater proportion to be eluted during the regular wash 
and the remainder to elute after a single settle/re-expansion (as shown in Figure 3). Not only 
was the solids concentration in the feed reduced, but also the concentration of native soluble 
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Figure 3: Corn solids elution profiles for feed of < 96-(am corn solids at 0.45% dry weight 
with UpFront DEAE resin in FastLine 20 column: (a) relative exit concentration, (b) 
cumulative recovery as percentage of fed solids. 
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components (proteins, carbohydrates, oils, etc.). Perhaps higher solids concentration 
combined with weak interactions disrupt the stable hydrodynamics resulting in stagnant 
regions. The effect is not as pronounced at lower solids concentration until a large 
percentage of the feed has already passed through. In other words, toward the end of loading 
a greater proportion of solids are withheld compared to earlier. Particle size analysis for 
fractions eluted in the initial washes and those eluting with either high salt or settling/re-
expansion were all identical and nearly the same as the feed material. 
The study where canola did interact with DEAE resin (13) processed the plant extract 
prior to EBA such that the feed contained particles smaller than -60 fim at 1.4% dry solids. 
Thus, we attempted to reduce the maximum particle size to determine if it was contributing 
to the poor elution. For both the high and low solids concentrations of small corn particles, 
all solids were accounted for in the regular wash period (results not shown). Solids were 
eluted in a nearly plug-flow pattern, very similar to results obtained with the non-derivatized 
resin and < 162-p.m solids (Figure 1). By this analysis it can be said that whatever was 
causing the inhibition of corn solids with UpFront glass-cored resin is potentially due to 
solids between 44 and 96 jam. However, as mentioned previously, no observable pattern was 
established when measuring particle size distribution of eluted corn solids for experiments 
where corn solids were not eluted. 
As stated before, the com solids possessed a slightly negative charge at pH 8.0 that 
may have been contributing to the nonideal elution of solids. Therefore, we attempted the 
same set of four experiments with high concentration, low concentration, large, and small 
solids with a cation exchange (SP) resin. The buffer used was 50 mM NaOAc, pH 5.0. In 
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this solution the corn solids possessed a zeta-potential of-13 mV, indicating there should not 
be an ionic interaction with the SP groups on the cation exchange resin. 
Again, two trials were conducted with the high concentration of large particles. In 
each the resin expanded from 40 cm to 55 cm during loading of solids. As with the DEAE 
resin, a significant amount of solids were trapped in the expanded bed as can be seen in 
Figure 4. For each trial a combination of settle/re-expansion followed by addition of a high 
salt buffer (50 mM NaOAc + 1 M NaCl, pH 5.0) was able to free the remaining solids. 
Reproducibility between trials was once again poor. On average, slightly more solids were 
retained with the SP resin than with the DEAE resin. Particle size analysis showed no 
correlation between the size of solids and when they were removed from the column. 
Also, similar to the DEAE experiments, an extract containing a low concentration of 
large particles showed less inhibition of solids elution. During loading the bed expanded to a 
maximum of 46 cm. About 75% of the added solids could be eluted during the regular wash 
stage (results not shown). Microscopic analysis of the resin/corn solids mixture after its 
being removed from the column showed no observable attachment of particles to resin. 
Finally, for feeds of high and low solids concentration with small corn particles, 100% of the 
added corn was washed from the column after ~1.5 times the loaded volume. 
The combined results for the UpFront resins suggested that the size of corn solids was 
the major factor contributing to solids not being completely eluted from the EBA column 
during regular washing. Purely ionic interactions can most likely be ruled out, as solids 
adsorbed to both forms of ion exchange resins despite possessing negative charge under 
conditions used with DEAE and SP ligands. Furthermore, the retained solids could simply 
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Figure 4: Corn solids elution profile for feed of <96 pm corn solids at 2.1% dry weight with 
UpFront SP resin in FastLine 20 column. T1 and T2 refer to two trials run under identical 
conditions: (a) relative exit concentration, (b) cumulative recovery as percentage of fed 
solids. 
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be eluted by settling and re-expanding the bed without changing to a high salt buffer. 
Two sets of experiments pertaining to the elution of corn solids with ion exchange 
resins were done with Streamline resins. The feed consisted of low concentration of small 
corn particles. When either Streamline DEAE or Streamline SP were utilized (recall, the 
superficial flow rate for 2X expansion of Streamline resins was 180 cm/h compared to 570 
cm/h for the UpFront resins) not all solids entering the EBA column were eluted during the 
wash stage. For the DEAE chemistry, only 71% of solids entering were successfully 
removed during wash with equilibration buffer. Similarly, for the Streamline SP resin, only 
48% of solids entering were removed during the wash. Dainiak et al. (35) found a similar 
effect with yeast cells at relatively low flow velocities, where they were trapped in an 
expanded bed using a "shielded" anion exchange resin, but were fully eluted at elevated flow 
velocities. In both cases evaluated in this study with Streamline DEAE and Streamline SP, 
the remainder of solids were freed with a combination of settling/re-expansion and high salt. 
Note that because an 80-p.m mesh was used for flow distribution, not all solids fed entered 
the column. Instead, approximately 15% were retained below the mesh or in the upstream 
tubing. This partial clogging may have adversely affected the flow distribution and 
hydrodynamics within the bed, as explained by Bai and Glatz (9). These solids, however, 
were explicitly accounted for in the mass balance. 
From these analyses we can conclude that the combination of corn solids size and the 
flow rate at which the feed is added/washed from the column influences the interaction with 
ion exchange resins. When using the UpFront resins, which require a higher flow rate for the 
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same degree of expansion, all solids from the small particle feeds were easily washed out. 
However, the reduced flow used with the Streamline resins was unable to completely disrupt 
the weak interaction between resin and corn solids. A destabilization in the hydrodynamics 
may also contribute to the poor solids elution. 
Compared to the UpFront and Streamline resins (both with a 6% agarose matrix) a 
much less favorable processing occurred when small, low concentration corn solids were fed 
to the BioSepra hyperdiffuse resin. Only ~6% of the total fed solids were eluted from the 
column during loading and washing. At the same time, while no further expansion of the 
resin was observed, the bed became a large congealed entity with eventual collapse. 
Furthermore, attempting to re-expand the resin at an elevated flow rate did not elute any corn 
solids. It was possible, however, to recover an additional 83% of fed solids by washing with 
a salt (additional 1.0 M NaCl) buffer. 
Product literature provided by the manufacturer of the BioSepra resin suggested that 
higher salt conditions may be used with the high charge-density resin without compromising 
adsorption of protein. Therefore, we attempted a series of batch experiments to determine if 
the corn solids/resin interaction could be eliminated with higher ionic strength buffers. 
Figure 5 shows the results from this endeavor, indicating that while the amount of corn solids 
adsorbing to the BioSepra resin can be reduced at higher salt conditions, it cannot be 
completely eliminated. Adsorption characteristics of the chosen target protein should be 
evaluated to determine if conditions can be established where the solids do not bind, but the 
target protein still binds with acceptable efficiency. 
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Figure 5: Corn solids adsorbed to BioSepra CM HyperZ with different concentrations of 
NaCI added to 50 mM NaOAc + 5 mM citric acid. All solutions were adjusted to pH 5.0 
CONCLUSIONS 
Acceptable combinations of different column inlet flow distribution devices and 
resins with different physical and chemical properties have been defined for efficient 
operation of expanded bed adsorption with a crude corn endosperm extract. Due to the 
different size and density distributions of the resins evaluated in this study, the flow rate for a 
given degree of expansion also varied. The denser resins produced by Upfront 
Chromatography A/S and BioSepra are able to operate efficiently at much higher flow rates 
than the Streamline resins from Amersham Biosciences. This had several important 
consequences pertaining to acceptable processing of crude extract. 
A comparison of the inlet mechanisms showed that a localized mixing style allowed 
solids of up to 550 (im to enter the column without clogging at all flow rates evaluated. On 
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the other hand, a 50-|-im or 80-pm restriction mesh was easily clogged with even the smallest 
corn particles (< 44 gm) and most dilute (0.45% dry weight) feeds at all flow rates. Glass 
ballotini utilized at the inlet showed intermediate results. This style of inlet did not become 
clogged for up to 550-p.m corn solids fed at relatively high flow rates (570 cm/h) that are 
used with the UpFront resins, but corn solids < 44 |_im did accumulate when a lower flow rate 
(180 cm/h) corresponding to that utilized with Streamline resins was employed. 
For solids entering the EBA column manufactured by UpFront (with mixing inlet 
device), or the Streamline column with glass ballotini at the inlet, a maximum size limit for 
corn solids ensured that no corn solids accumulated within the expanded resin bed resin. 
When utilizing a non-derivatized resin from UpFront (100-323 gm, 1.3-1.5 g/ml) at a flow 
rate for 2X expansion (570 cm/h) all solids <162 p.m were eluted in nearly plug-flow fashion. 
However, when a feed containing corn solids <190 p.m was added, some corn particles 
became trapped near the top of the expanded bed. These could be successfully forced out the 
column without loss of resin by introducing a concentrated plug of inert "chaser" (in this case 
180-fim polyethylene beads). Although not shown explicitly in this study, it appears that use 
of a Streamline resin with concomitant reduction in acceptable flow rate, would allow only 
much smaller corn solids (and thus a greater degree of pre-EBA processing necessary) for 
successful elution without loss of valuable resin. 
Finally, in some cases a weak interaction (perhaps a combination of ionic and 
hydrophobic) existed between corn solids and both modes of ion exchange ligand (DEAE 
and SP) that trapped corn solids in the EBA column. For UpFront ion exchange adsorbents 
all solids of < 44 p.m could be eluted at a concentration up to 2.1% dry weight without 
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accumulation in the bed for DEAE and SP ligands. However, when the feed contained corn 
solids of < 96 fam, not all corn solids eluted during the regular wash stage for both ion 
exchangers. The trapped solids could be recovered with either a high salt wash or a series of 
settling and re-expansion of the bed. When Streamline resins were utilized, the lower 
required flow rates were not sufficient to fully elute even the <44-pm feed. Again, entrained 
solids could be eluted with a combination of settling/re-expansion and high salt wash. 
Reduction in the flow efficiency with increased backmixing and potential for stagnant 
regions may have contributed to the inability to elute all solids for all systems evaluated. 
Finally, a severe interaction occured between corn solids and the BioSepra CM HyperZ EBA 
resin. When operated with a low concentration (0.45% dry weight) of <44-|a.m corn particles, 
collapse of the expanded bed was observed. Higher salt buffers utilized with this resin 
reduced the interaction with corn solids, but could not completely eliminate it. 
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CHAPTER 5. ANTIBODY CAPTURE FROM CORN ENDOSPERM 
EXTRACTS BY PACKED BED AND EXPANDED BED ADSORPTION 
A paper for submission to Biotechnology Progress 
Todd J. Menkhaus and Charles E. Glatz 
ABSTRACT 
The purification of a human antibody from corn endosperm extracts has been 
explored by two processing alternatives; one based on packed bed adsorption and the other 
focused on expanded bed adsorption (EBA). Complete clarification of a crude extract 
followed by packed bed adsorption provided antibody product in 75% yield with 2.3 fold 
purification (with antibody accounting for 24% of total protein). The small size of the 
packed bed cation exchange resin SP-Sepharose FF and the absence of a dense core (present 
in EBA resins) allowed for more favorable breakthrough performance compared to EBA 
resins evaluated. Four adsorbents specifically designed for EBA operation, with different 
physical properties (size and density), chemical properties (ligand), and base matrices were 
tested: (1) SP-steel core resin from UpFront Chromatography, (2) Streamline SP, (3) 
Streamline DEAE, and (4) CM Hyper-Z from BioSepra/Ciphergen Biosystems. Of these, the 
small hyper-diffuse style resin from BioSepra has the most favorable adsorption 
characteristics. However, it could not be utilized with crude feeds due to severe interactions 
with corn endosperm solids that led to bed collapse. UpFront SP-steel core resin, because of 
its relatively smaller size, and hence lower internal mass transfer resistance, was superior to 
the Streamline resins and operated successfully with application of a crude com extract 
filtered to remove all solids of > 44p.m. However, the EBA performance with this adsorbent 
provided a yield of only 61% and purification factor of 2.1 (with antibody being 22% of total 
protein). Process simulation with SuperPro Designer software showed that while capital 
costs were roughly equal between packed and expanded bed processes, the EBA design 
required four times greater operating expenditures. The use of com endosperm as the 
starting tissue proved advantageous as the amount of contaminating protein was reduced ~80 
times compared to corn germ and -600 times compared to canola. Finally, three different 
inlet designs (mesh, glass beads, and mechanical mixing) were evaluated based on their 
ability to produce efficient flow distribution as measured by residence time distribution 
analysis. All three provided adequate distribution (axial mixing was not considered to limit 
the adsorption process) while resins with different physical properties did not influence 
efficiency (i.e. Peclet number) values when operated with the same inlet design. 
INTRODUCTION 
The use of monoclonal antibodies (mAbs) for prevention and treatment of a wide 
range of human and animal diseases is a rapidly progressing field. In 1994 only one mAb 
was licensed for clinical use, while by 2000 one-quarter of all new biological products that 
were undergoing clinical development were antibody-based (1). Because purified mAbs 
offer several advantages over conventional chemotherapies (i.e. versatility, specificity, lower 
toxicity, and shorter development times) this trend is expected to continue. However, to 
remain competitive in the long run, the ability to produce purified mAbs cheaply and in high 
capacity will be a necessity (2,3). Currently, the favored production platform for mAbs is 
mammalian cell culture. Unfortunately, the requirement to produce products on the ton per 
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year scale will not be feasible economically or practically with cell culture. Therefore, the 
need for alternative transgenic expression systems capable of producing functional 
humanized antibodies in large quanti t ies  at  low cost  is  imperat ive (4) .  
The past decade has seen the emergence of plants as extremely attractive alternative 
expression hosts. Crops offer several advantages over cell culture as well as other 
competitive systems such as microbial fermentation, transgenic animals, and extraction from 
human or animal fluids/tissues. Perhaps most important, the capital and production costs of 
making antibodies in plants ("plantabodies") are greatly reduced compared to mammalian 
cell culture. At the same time, scale-up for large-volume production is relatively easy and 
the risk of contamination by human pathogens and viruses is greatly reduced. Plant 
agriculture also can express monoclonal antibodies with the correct post-translational 
modifications (e.g. assembly and glycosylation) required for proper activity (5,6). The list of 
successfully expressed antibodies in different plants is extensive (7,8), as is the number of 
companies showing interest  in  "plantabodies" (4,9) .  
While the production costs of utilizing plants for antibodies can be reduced one 
hundred times compared to mammalian cell culture (10), subsequent recovery costs are still 
high. A detailed process simulation by Evangelista and co-workers (11) found that tissue 
processing, extraction, and purification of a recombinant protein from transgenic corn 
constituted over 90% of the overall annual operating cost and 100% of the capital cost. Thus, 
many of the opportunities to reduce the price of recombinant therapeutics derived from plants 
reside in the downstream portion of the process. To this end, a number of unit operations 
have been examined for the recovery of a recombinant protein from plants: plant tissue 
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processing and protein extraction (12,13,14,15,16), precipitation (17,18),  various modes of 
chromatography (19,20,21,22),  and expanded bed adsorption (23,24).  
Limited reports for the purification of antibodies from plant cell culture and plant 
agriculture have appeared. The isolation of an IgG from disrupted tobacco cell culture 
consisted of cross-flow filtration, followed by affinity chromatography with Protein A and 
size exclusion chromatography (25). The same report noted that tangential flow filtration 
was highly recommended versus dead-end filtration due to the high propensity for membrane 
fouling with the latter, even after a high speed centrifugation to clarify the extract. 
Purifications of IgGs from tobacco (26) and soy (27) have used centrifugal clarification of 
the plant extract in combination with Protein A and other forms of chromatography. 
Many of the literature reports regarding purification of recombinant proteins from 
plants have included clarification (solids removal) by high-speed centrifugation. While this 
approach is appropriate for small-scale laboratory experiments, it is not a feasible means for 
large-scale production purposes. Thus, investigating unit operations capable of handling the 
unique features of plant extracts, which typically contain a relatively high concentration (2-
20% w/w) of solids with a large range of particle sizes (sub-micron through 0.5 mm), is of 
particular importance. 
Expanded bed adsorption (EBA) is one such option, offering the potential not only to 
clarify a crude feedstock, but also to capture the target protein with chromatographic 
efficiency (28). EBA operates on a similar set of principles as conventional packed-bed 
adsorption, but relies on a very specific set of materials designed for its successful operation. 
At the inlet of the column (loaded with flow upward) the flow distributor must allow crude, 
solids-containing feed entry into the column without clogging, while maintaining efficient 
flow distribution and retaining resin particles when flow is halted or reversed (28,29). Many 
reports suggest that the design of inlet mechanism has a major effect on the type of feed that 
can be processed (in terms of the size and concentration of solids present) (23,24,30,31,32) as 
well as the separation efficiency as measured by the number of theoretical stages (N) or 
height of a transfer plate (HETP) (33,34,35,36). The solids handling restrictions for different 
inlet devices (i.e. metal screens, glass beads, and mixing devices) have been considered 
previously for plant extracts (Menkhaus and Glatz, in preparation). Each inlet style had a 
solids particle size limit and flow velocity requirement that must be met to discourage 
clogging. However, no systematic investigation has been reported showing how the 
efficiency of flow distribution changes with the different inlet mechanisms. 
The properties of the adsorbent beads are also critical for the successful application of 
EBA. They must possess a size and/or density distribution that allows for stable fluidization 
(28). This distribution must provide sufficient void space for solids to pass through the 
column while minimizing back-mixing of the liquid and resin, thus maintaining efficient 
adsorption (37,38). Different styles of resin (size, density, base matrix, and ligand) affect 
processing time requirements (e.g. allowable flow rates), adsorption and elution efficiency, 
and the extent of detrimental interactions with solids and other components in the feedstock. 
The last has effects ranging from reducing the purification capabilities of EBA to collapsing 
the expanded bed, thus halting operations (39,40,41,42). 
When considering the potential contaminants present in a plant extract, the type of 
plant tissue should not be overlooked. The choice of crop (corn germ, canola, or soy) can 
change the requirements for precipitation of a target protein, as well as the purification and 
yield attainable (17). Also, the location within the crop targeted for protein expression may 
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affect the ease of separation. For instance, reports pertaining to recovery of recombinant 
proteins from corn have dealt with the whole kernel (19) or specifically with the germ 
portion of the kernel (16,43,44,45). This is primarily a consequence of the seed (kernel), in 
particular the germ, being the natural storage location for protein expressed using the 
promoters of these studies (19). However, targeting the recombinant protein to the corn 
endosperm may be the most beneficial for two main reasons. First, after isolation of the 
endosperm, only approximately 14% of the corn oil will remain. For comparison, 
approximately 80% of the oil is located in the germ (46). This is important because it is 
known that oil from plant extracts causes extensive fouling of membranes and 
chromatographic resins (15,16). Often a cumbersome and costly (at large scale) oil 
extraction step has been included in the processing from whole kernel and germ-rich corn to 
alleviate fouling of expensive membranes and resins. Second, extracts of low-salt, neutral 
pH from the endosperm fraction of com contain approximately twelve times less native 
protein than the same extracts taken from a germ-rich portion (46,47). This has implications 
in the downstream processing requirements to remove unwanted contaminating proteins. 
Due to its complex nature, therapeutic importance, and difficult expression in many 
transgenic hosts, secretory IgA (slgA) is one antibody that has been widely studied for 
expression in plants (48). It is the intent of this report to evaluate the use of EBA and packed 
bed adsorption for the recovery of slgA from a spiked non-transgenic corn endosperm 
extract. Within this broad objective we will establish a set of operating conditions and 
materials (column design and adsorbent) that are best suited for this application. We will 
also demonstrate extensions of the findings for more general utilization of EBA with other 
plant material and other crude feed stocks, as well as demonstrate advantages for using com 
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endosperm as the targeted plant tissue. Finally, because one important consideration in many 
separation processes is the overall cost, we will provide simulation results for the large-scale 
recovery of the antibody from com endosperm using EBA with requisite pre-EBA 
processing, and compare it to a process where complete clarification of the extract is 
followed by packed bed adsorption. 
MATERIALS AND METHODS 
Preparation of Corn Endosperm Extract 
Fifty pounds of yellow dent com endosperm was received from Bunge Lauhoff Grain 
Company (St. Louis, MO) in a degermed, milled state. The sample was stored in 5 lb. 
aliquots at 4°C during the duration of this study (approximately 6 months). 
The initial crude extract was prepared by combining solid endosperm sample with the 
appropriate buffer (specific to each resin evaluated, as noted below) in a ratio of 1 g corn to 2 
mL extraction solution. The slurry was allowed to mix with magnetic stir bar at a rate set to 
ensure no stagnant zones were present, for a minimum of 30 min (over 90% of extractable 
protein was extracted in this time - results not shown). This coarse extract was then vacuum 
filtered through a 44-jim screen to yield a "filtered" extract, or centrifuged at 1 OOOOXg for 40 
min (Sorvall RC5B Plus, DuPont, Wilmington, DE) followed by filtration with a 0.22-pm 
filter to produce a "completely clarified" extract 
General Materials 
Expanded Bed Adsorption Arrangements 
For experiments using the Amersham Biosciences (Piscataway, NJ) EBA column 
design, a StreamLine 25 column (25 cm ID X 100 cm height) with flow distribution provided 
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by a perforated plate and 50-|im mesh at the inlet was employed. No mesh was in place at 
the column outlet. Where appropriate the 50-p.m mesh was replaced with either an 80-pm 
net provided by Amersham or 0.4 - 0.6-mm glass beads (Glen Mills, Inc.; Clifton, NJ) placed 
in the bottom of the column to a depth of ~5 to 8% of the total settled bed height. The unit 
manufactured by UpFront Chromatography A/S (Copenhagen, DK) was a FastLine 20 
column (20 cm ID X 75 cm height) with magnetic stir bar for mixing. In all cases the feed 
pump was a single-head Masterflex Digital-Drive L/S Standard hydraulic pump (Cole 
Parmer, Vernon Hills, IL). A UV-1 detector from Pharmacia with 280-nm filter was used to 
measure OD from the outlet stream with the output recorded on a chart recorder. Pressure 
within each system was measured via an analog pressure gauge attached to the column inlet. 
For all experiments a spirit level was used to ensure that the column remained vertical during 
operation. 
Adsorbents 
Properties of the EBA adsorbents (and one "regular" packed-bed adsorbent) are 
shown in Table 1. The non-EBA style resin, SP-Sepharose FF, was purchased from Sigma 
(St. Louis, MO). The BioSepra resin, purchased from Ciphergen Biosystems, Inc. (Fremont, 
CA), is a proprietary high-charge-density hydrogel within a gigaporous shell. All other 
resins are based on a 6% highly crosslinked agarose 
Table 1: Adsorbents utilized and relevant product information 
Manufacturer Ligand Dense Material Size Range 
(nm) 
Density 
(g/mL) 
Amersham DEAE Quartz 100-300 1.1-1.3 
Amersham SP Quartz 100-300 1.1-1.3 
UpFront SP Steel 40-200 2.5-2.7 
BioSepra CM Zirconium Dioxide 45-105 Avg. 3.2 
Sigma SP Not Applicable 45-145 1.1 
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Antibody 
Secretory IgA (slgA) was purchased from Sigma in a purified, lyophilized state. 
SlgA is a multimeric, glycosylated immunoglobulin with molecular weight of approximately 
390 kDa (48). Product literature from the manufacturer reports an adsorption extinction 
coefficient at 280 nm of El% = 14. 
Chemicals 
All necessary chemicals to prepare buffers for extraction and EBA operation were 
certified A.C.S. grade purchased from Fisher Scientific (Pittsburgh, PA). 
Analytical 
Total Protein and Antibody Quantification 
Total protein concentration was measured using Pierce (Rockford, IL) Coomassie 
Plus Protein Assay Reagent with bovine serum albumin (BSA) as the standard. Antibody 
concentration was evaluated by sandwich ELISA when measuring a mixture of antibody in 
the presence of contaminating species (i.e. an extract) or by absorbance at 280 nm, along 
with reported extinction coefficient, for situations when the antibody was pure in solution. 
Dry Weight Analysis 
Dry weight determinations of corn solids present in the EBA feed and elution 
fractions were conducted gravimetrically. A known amount of sample (usually 11 mL) was 
added to a preweighed centrifuge tube and centrifuged with a laboratory centrifuge (Sorvall 
RC5B Plus, DuPont, Wilmington, DE) at 1 OOOOXg for 30 min, followed by decanting to 
isolate the solid material. The solid pellet was dried in an oven at 110 °C for a minimum of 
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10 h and subsequently reweighed. The difference was used to calculate the dry weight 
percent solids (w/v) in the original slurry sample. 
Evaluation of Inlet Designs 
An efficiency test was conducted by residence time distribution (RTD) analysis for 
each of the three inlet flow distribution designs: (1) SteamLine column with perforated plate 
and 50-jmn mesh, (2) Streamline column with perforated plate and glass beads, and (3) 
UpFront column with magnetic stir bar for mixing. Evaluation of the axial dispersion 
coefficient (Art), Peclet number (Pe), and number of theoretical transfer plates (AO was made 
to describe the deviation from plug flow for each of the inlet designs. This was 
accomplished by measuring the RTD for a step input of 0.25% (v/v) acetone in the 
appropriate equilibration buffer. Calculations for Dax, Pe, and N were made according to the 
negative s tep response signal  and equations presented below (49):  
t2 # = — (1) 
a 
where t is the average residence time and cris the standard deviation, both from the RTD. A 
normalized value for N, designated N* [which is the inverse of the height equivalent to a 
theoretical plate (HETP)], was also calculated based on the expanded bed height, H, 
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where us is the superficial velocity, 
Pe = = 2N = 2 N*H (4). 
It should be noted that many authors refer to the Peclet number as the Bodenstein number 
(Bo). High values of N* and Pe and low values of Dax and HETP signify a more efficient 
system (lower degree of axial mixing i.e. closer to plug flow). 
Conditions for evaluating the hydrodynamic efficiency values for the different 
combinations of inlet mechanism and EBA resin are shown in Table 2. When operating the 
UpFront column, in accordance with literature suggestions (29,50) a mixing rate was chosen 
to yield ~15% of the expanded bed height as "mixed" zone, with the remainder stable by 
visual observation. In all cases the expanded bed was allowed to stabilize with flow of 
equilibration buffer for a minimum of 30 min prior to injecting the acetone buffer used for 
RTD analysis. 
Batch Adsorption Studies and Breakthrough Curve Modeling 
Small-scale Batch Adsorption 
The equilibrium and uptake rate characteristics for the resins listed in Table 1 were 
determined in small-scale batch adsorption experiments. Studies were completed to assess 
compatibility of the target antibody with each resin for adsorption from a pure antibody 
solution and in crude, filtered (< 44 pm) corn endosperm extract. 
A measured volume of the appropriate resin was initially vacuum-filtered to remove 
interstitial liquid. During filtration the adsorbent was continuously mixed gently by hand 
with a stir rod to discourage classification of particles during settling and thus maintain a 
well-dispersed sample in the filtered resin cake. Filtered resin aliquots of 5.0 mg were then 
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transferred into 1.5-mL polypropylene microcentrifuge tubes. For evaluations made with 
pure antibody, various amounts of the appropriate loading buffer (as in Table 2) were then 
added to each tube. The resin/buffer slurry equilibrated for approximately 3 h with gentle 
end-over-end mixing at 15 rpm. Antibody (Ab) stock solution was prepared at 1.5 mg/mL by 
combining a known amount of purified lyophilized Ab with the correct loading buffer for 
each resin. Ab stock was then added to the equilibrated resin/buffer mixture to yield a total 
volume of 1.2 mL in each tube, with initial Ab concentrations ranging from 0.01 mg/mL to 
0.7 mg/mL. The samples were again placed on the end-over-end mixer and continuously 
rotated. Blanks of buffer plus resin only and buffer plus Ab were included. 
Table 2: Conditions for RTD hydrodynamic efficiency tests. UF-SP-st and StrL DEAE refer 
to UpFront SP steel-core, and Amersham Streamline DEAE resins, respectively. 
Column/Inlet Resin1 us (cm/h) Expansion Factor3 
FastLine 20 with UF-SP-st 550 2 
Mixing BioSepra 450 2 
StrL DEAE 2002 2.2 
Streamline 25 UF-SP-st 550 2 
with 50 |j.m Mesh StrL DEAE 180 2 
Streamline 25 UF-SP-st 550 2 
with Glass Beads StrL DEAE 180 2 
- Buffers utilized in conjunction with each resin were: for UF-SP-st 50 mM sodium 
acetate, pH 5.0; for BioSepra 50 mM sodium acetate + 5 mM citric acid, pH 5.0; for 
Streamline DEAE 50 mM Tris-HCl, pH 8.0. 
2 - Due to pump restrictions the minimum flow rate attainable with the FastLine 20 column 
was 200 cm/h. 
3 - All systems used a settled resin height of 20 cm. 
For equilibrium adsorption experiments, tubes rotated for a minimum of 20 h. At the 
end of mixing, resin was removed from solution by one short burst (~3 s) at 5,000 rpm on a 
microcentrifuge. Pure Ab concentration in the supernatant was measured by reading 
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absorbance values at 280 nm against a loading buffer blank. Solid-phase concentration was 
calculated from the difference between initial antibody concentration and measured 
concentration in solution. 
Kinetic uptake rate samples (at 0.04 mg/mL Ab initially) were prepared in an 
identical fashion to those evaluated for equilibrium. However, at intermittent times from 10 
min to 20 h after initiation of mixing, supernatant was analyzed for antibody concentration. 
For this, the tube was removed from the mixer and immediately microcentrifuged to remove 
resin from solution, and the supernatant was sampled, returned to the tube, gently mixed to 
resuspend resin, and finally returned to the mixer. Time during sampling (-1-2 min) was not 
counted as contact time. Full-time course data were taken from the same tube. 
The same set of tests was also completed with crude, filtered (<44 pm) corn 
endosperm extract. Extract was prepared as described in the materials and methods section 
with the appropriate loading buffer for each resin as the extractant. For the adsorption 
studies, the same protocol was followed as employed for pure Ab with crude extract used in 
place of loading buffer. Resin was pre-equilibrated with loading buffer and centrifuged, and 
the loading buffer was removed. 1.2 mL of spiked extract (a combination of crude extract 
and Ab stock) was added to equilibrated resin and mixed. Sampling was conducted in an 
analogous manner to that described for pure Ab except that ELISA was used to quantify Ab 
concentrations in all solutions. Initial Ab concentration for equilibrium studies and kinetic 
experiments were identical to those used for pure Ab adsorption tests. 
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Breakthrough Curve Modeling 
Equilibrium and uptake data, along with a kinetic rate constant model (51,52) were 
used to predict packed bed breakthrough performance of Ab with each resin. A brief 
description of the model development follows. 
Equilibrium data were fit with the Langmuir adsorption isotherm: 
• = (5) 
K d + C  
where q represents the equilibrium concentration of Ab adsorbed to the resin, C* is the 
corresponding equilibrium concentration of Ab in solution, qmax is the saturated solid-phase 
capacity of Ab, and Kd is the dissociation constant. Values of qmax and K(/ were estimated 
from a nonlinear least squares fit of the data to the Langmuir equation. 
To compare the different resins in terms of practical adsorption performance, a 
relatively simple model (51,52) to predict breakthrough characteristics in a packed bed was 
chosen. The model, although unable to pinpoint limiting factors with complete certainty, is 
capable of providing pragmatic, accurate results based on a minimal set of experimental data 
and computational effort. Two coupled differential equations were utilized for the model. 
The first equation was a simple differential mass balance for the adsorbing species within a 
packed column: 
where Dax is the axial dispersion coefficient, X>0 is the axial flow direction through a linear 
column, v0 is the superficial velocity, c is the column void volume, and C and q are the 
solution-phase and solid-phase Ab concentration at time t. 
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By assuming the adsorption process can be described by the second-order reversible 
reaction: 
where A refers to antibody in solution, B represents a vacant binding site, k; is the forward 
(adsorption) rate constant, is the reverse (desorption) rate constant, and AB is adsorbed 
antibody, then 
When adsorption kinetics are not controlling, equation 8 is empirical, with kj representing the 
rate coefficient of the adsorption process that accounts for external mass transfer, internal 
(pore) diffusion, and the adsorption reaction as a lumped parameter. Likewise, provides a 
similar significance allowing for desorption. In the limiting case of equilibrium (dq/dt = 0) 
equation 8 reduces to the Langmuir isotherm with Kd=k2/k]. 
By mass balance the rate dq/dt can be related to C(t) for batch adsorption (shown by 
equation 9) which is a function of the empirical constants kj and £?. Thus, by knowing qmax 
from equilibrium experiments, equation 9 can be fit to batch adsorption data to determine ki 
and k2 by nonlinear least squares analysis. 
A  +  B <  k ] X -  )  A B ,  (7) 
max (8). 
(9) 
where 
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° ~~ ^ (C0VS / )<7max (10) 
X 
(11) 
V y 
and C0 is the initial Ab concentration in the liquid phase, Vr is the volume of resin present and 
Vs is the solution volume. 
If we make the idealized assumptions that only Ab binds to the resin (noncompetitive 
adsorption) and that Dax goes to zero (axial dispersion is negligible compared to peak 
spreading due to mass transfer limitations) the set of differential equations can be solved 
analytically (51) to provide predictions of C(t) at constant Xina packed column. Initial and 
boundary conditions employed were C(X=0,r)=constant (assumes the feed concentration 
remains the same throughout loading) and q(X,t=0)=0 (assumes starting with fresh or 
regenerated resin) 
Packed Bed Adsorption Experiments 
Adsorption of the antibody in packed bed operation was completed for two purposes: 
(1) frontal analysis of the antibody in pure solution for model validation, and (2) comparison 
of different resins for adsorption/elution efficiency from a fully clarified corn endosperm 
extract. All packed-bed experiments were conducted using a fast-performance liquid 
chromatography system from Bio-Rad (Hercules, CA) under control of BioLogic software 
from Bio-Rad. A flow adapter was utilized to distribute flow evenly at the top of the resin 
interface. 
To construct the breakthrough curve of pure antibody, 5.5 mL of StreamLine DEAE 
resin was added to a 1 cm X 10 cm Econo column shell (Bio-Rad), resulting in a packed bed 
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height of 7 cm. The resin was equilibrated with 50 mM Tris-HCl, pH 8.0, at 1.2 mL/min (92 
cm/h) until a stable UV-280 nm absorbance reading was realized. Feed was prepared by 
dissolving 12.5 mg of antibody in 300 mL of 50 mM Tris-HCl, pH 8.0 (resulting in an Ab 
concentration of 42 (a.g/mL), and added to the column at 1.2 mL/min. Breakthrough of the 
Ab was measured by absorbance at 280-nm and confirmed by ELISA. 
Adsorption of antibody from a completely clarified corn endosperm extract was 
performed with three resins: Upfront SP-steel core, BioSepra CM Hyper-Z, and Sigma SP-
Sepharose FF. For each, 5.5 mL of adsorbent was packed into a 1 cm x 10 cm Econo column 
and equilibrated at with 50 mM NaOAc, pH 5.0 (for BioSepra resin an additional 5 mM citric 
acid was also present) until a stable baseline was achieved. Completely clarified extract was 
prepared as discussed previously using equilibration buffer for extraction. 3.0 mL of 
antibody stock (at 1.2 mg/mL) was then mixed with 85 mL of extract to yield 41 fig/mL 
antibody. 75 mL of this spiked extract was then loaded to the column and subsequently 
washed with equilibration buffer for 25 column volumes (CV). Gradient elution was 
accomplished over 25 CV from equilibration buffer to equilibration buffer plus 1.0 M NaCl, 
pH 5.0. All stages of the process were completed at a flow rate of 1.2 mL/min. Eluted 
fractions were collected in 8 mL aliquots and analyzed for total protein and antibody 
concentration. 
Expanded Bed Adsorption 
The subset of inlet/resin combinations that proved able to process crude corn 
endosperm extracts (Menkhaus and Glatz, in preparation) dictated the choices for testing 
antibody adsorption with spiked feed used here. Thus, expanded bed adsorption analysis was 
conducted with the UpFront 20 column with magnetic mixing at the inlet. 63 mL of UpFront 
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SP-steel core adsorbent was added to the column, resulting in a sedimented bed height of 20 
cm. Buffer A (50 mM NaOAc, pH 5.0) was used for equilibration of the resin, added to the 
column at a superficial flow rate of 550 cm/h to give a twofold expansion. 850 mL of 
filtered (<44 jam) crude feed, spiked with antibody to a concentration of 42 pg/mL was then 
pumped through the bed at 550 cm/h (during loading the bed expanded slightly from 40 cm 
to 42 cm). These operating conditions were chosen such that the residence time for 
adsorption and the number of column volumes of feed (based on settled resin volume) were 
nearly identical to packed bed analyses. Following addition of feed, the expanded bed was 
washed with 1600 mL of buffer A (-25 CV) at 550 cm/h. Elution was performed in two 
steps, each in the upward flow direction at 550 cm/h: (1) 1000 mL (~16 CV) of buffer A + 
150 mM NaCl, pH 5.0, and (2) 1000 mL of buffer A + 1 M NaCl, pH 5.0. All eluted 
material was collected in 50 mL fractions and analyzed for total protein concentration, 
antibody concentration, and corn solids concentration 
Process Simulation and Economic Analysis 
A simple process design simulation and accompanying economic analysis were 
performed with SuperPro Designer 3.1 (Intelligen, Scotch Plains, NJ). Two cases were 
analyzed for comparison. The first utilized complete clarification of crude extract by rotary 
vacuum filtration followed by dead-end microfiltration. Subsequent antibody purification 
was accomplished by direct application to a packed bed column of Sigma SP-Sepharose FF. 
The alternative process evaluated was for partial clarification of crude extract to remove corn 
solids > 44 p.m by rotary vacuum filter with recovery of product by expanded bed adsorption 
(EBA). A decanter centrifuge was also evaluated for clarification requirements, but 
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simulation showed that this unit operation had a capital cost nearly 10 times more than a 
rotary vacuum filter and demanded twice the operating expenditure. 
For each scenario (packed bed and EBA), a batch size of 10,000 kg transgenic corn 
endosperm (-12,500 kg corn kernel) was chosen. It was estimated that antibody could be 
expressed at 250 mg/kg corn (Kusnadi et al., 1997). Feed to the rotary vacuum filtration unit 
was custom user-designed within SuperPro to have a particle size distribution of corn solids 
as shown in Table 3 (corresponds to actual experimentally determined particle size 
distribution of corn solids in extract; results not shown), with biomass density of 1.4 g/cm3, 
in 50 mM NaOAc. All costing and sizing estimates were based on default values (1998 
prices) except for cost of salts, which were taken from catalogs, and waste disposal, which 
was estimated to be $0.01/kg for neutral salt buffers and $0.03/kg for caustic waste streams. 
Table 3: User-defined particle size distribution of corn solids in extract for process 
simulation. Values correspond to those found experimentally for the actual extract. 
Size 
(Mm) 
13 22 44 90 125 180 215 300 350 450 
Vol.% 10 10 10 10 10 10 10 10 10 10 
The simulation for fixed bed adsorption utilized a 20 cm bed height operated at 275 
cm/h superficial velocity and a dynamic resin capacity of 35 mg protein/mL adsorbent 
(estimated from small scale batch adsorption experiments with clarified endosperm extract) 
The column was washed with 5 column volumes (CV) of equilibration buffer after loading 
and eluted with a gradient from 0 to 0.7 M NaCl in equilibration buffer in 20 CV. Product 
was recovered in 2 CV. Experimental results (shown below) were used as inputs for yield, 
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purification, and percentage of native protein binding. Adsorbent regeneration was 
completed with 8 CV of 0.5 M NaOH followed by 10 CV of 50 mM NaOAc. It was 
assumed that resin (cost of S1000/L) could be used for 50 cycles. 
Because no model existed for expanded bed adsorption in SuperPro Designer version 
3.1, the packed bed model was adapted. For this we inputted a bed height of 20 cm resin 
operated at 550 cm/h (corresponding to the settled bed height and expanded bed flow rate) 
and an experimentally determined value of 20 mg/mL dynamic capacity. All operating 
conditions were based on packed CV. Washing was set at 10 CV, which was twice as long 
as packed-bed operation to ensure complete removal of solids. Elution was accomplished in 
two 10 CV steps, with 150 mM and 1 M NaCl in 50 mM NaOAc. Again, experimental 
results dictated yield, purification, and native protein binding parameters for the simulation. 
Resin regeneration was conducted with 8 CV of 0.5 M NaOH + 1 M NaCl (at 275 cm/h), 
followed by 10 CV of equilibration buffer (operated 550 cm/h superficial velocity) to re-
stabilize the expanded bed. Resin cost was estimated at S2000/L and capable of 50 cycles. It 
was assumed that the number of cycles between resin replacement would be the same for 
each operation mode (packed and expanded bed). This is because other than solids, which do 
not bind to the chosen EBA resin, the fouling components will be the same at the adsorption 
stage of each process. Finally, to account for the specialized column equipment used with 
EBA, and an actual column height 2X that of the specified settled bed height, a correction 
factor of 1.1 times the generated column cost was used. 
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RESULTS AND DISCUSSION 
Evaluation of Inlet Flow Distribution 
Calculated values to describe axial mixing for the various flow distribution designs 
are shown in Table 4. The values correspond well to published data employing each of the 
three inlet mechanisms (35,36,37,38,50), although direct comparison to other studies is 
difficult due to the extreme sensitivity of these values to the particular system and operating 
conditions employed (42). Each resin was expanded 2X for each inlet design, and due to the 
different physical properties of the resins (see Table 1), this required different superficial 
velocities for each (see Table 2). However, ignoring the StreamLine resin with mixing 
device, the physical properties of the resins did not impact the RTD efficiency measures 
except for (which is the only value directly influenced by the superficial velocity). The 
StreamLine resin was not compatible with our UpFront column system because the 
combination of small column diameter and the lower limit of pump rateresulted in expansion 
of this resin more than two fold, which is known to create a larger degree of axial dispersion 
with mixing at the inlet (50,53). 
It is evident that for the three styles of inlet evaluated, the localized mixing is the least 
efficient. This result can be expected because nearly 15% of the expanded resin height is 
occupied by a well-mixed region that is essentially acting as a single transfer plate. This 
underscores the necessity to minimize the mixing rate while maintaining efficient flow 
distribution as evaluated by visual inspection (50). It may be possible to include an inert 
material in the mixing zone and restrict resin to the stable zone for more efficient utilization 
of the adsorbent. The mesh provides the most efficient flow distribution, but as noted by 
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Menkhaus and Glatz (in preparation) this inlet is most limited in ability to admit endosperm 
solids. 
Table 4: Experimental values describing the degree of axial mixing for the various inlet 
designs and resin styles evaluated. Reported values are the average of two trial with less than 
5% deviation between trials. 
Flow Resin1 N* (nf1 HETP (cm) Dax (m2/s) P e ( - )  
Distribution expan.bed) 
Mixing UF SP-st 60 1.67 1.27x10° 48 
Mixing StrL 
DEAE 
14 7.14 1.79x10° 12 
Mixing BioSepra 58 1.74 1.08x10° 46 
50 |am Mesh UF SP-st 199 0.50 3.84x10"» 166 
50 |im Mesh StrL 190 0.53 1.32x10'" 153 
DEAE 
Glass Beads UF SP-st 116 0.86 6.59x10"» 93 
Glass Beads StrL 
DEAE 
108 0.93 2.31x10"» 86 
1 - UF SP-st = UpFront SP-steel core resin; StrL = Stream ,ine resin from Amersham. 
While these results may point to the mesh or beads as being the most appropriate 
design, in most cases the hydrodynamics of the system do not limit the adsorption. Rather it 
is the internal and external mass transfer (36,37,54). For all combinations evaluated here, 
other than StreamLine resin in the FastLine column, flow distribution is sufficient to ensure 
that backmixing will not limit the adsorption process (Pe > 40; 49). However, while the 
different designs may not influence adsorption (provided a minimum flow distribution is 
achieved), the degree of axial mixing can alter the elution characteristics more profoundly, 
especially in expanded bed elution. Conditions for this case should be chosen to minimize 
axial dispersion along with reducing flow velocity (55,56). 
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Small-scale Batch Adsorption of Pure Antibody 
Results for batch equilibrium adsorption and uptake rate of antibody with the 
different resins evaluated in this study are shown in Figures 1 and 2, respectively. 
Experimental data is displayed as points while curves represent best fit lines for equations 5 
and 9. Table 5 displays the parameter estimates for the Langmuir isotherms (equation 5) and 
adsorption rate constants corresponding to equation 7. As can be seen in Figures 1 and 2, 
reasonable agreement was found between data and the least-squares fit predictions used for 
parameter estimates. Also, the value of Kd calculated from the Langmuir equilibrium 
relationship is within 15% of that estimated from kinetic uptake data for equilibrium 
conditions (&/%/). 
Equilibrium results indicate that the saturation capacity (qmax) is much higher for the 
non-EBA style resin SP-Sepharose FF compared to the EBA resins. This may be a 
consequence of reduced binding sites available for the EBA resins per volume of adsorbent 
due to their inert core material. The high-density material occupies 20-30 volume percent of 
the UpFront resins (29). Comparison of the EBA style resins shows that Streamline DEAE 
has the highest calculated capacity at 20 mg/mL, with the others at 14 mg/mL. However, the 
solid-phase value of 20 mg/mL for the Streamline DEAE resin can only be realized if it is in 
equilibrium with a relatively high concentration of antibody in solution (as suggested by the 
elevated Kd value). Thus, especially for low concentration feeds as are typically used with 
EBA and high price products such as pharmaceuticals that demand high yields, low Kd values 
corresponding to a high quantity of q at low values of c may be most advantageous. 
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Table 5: Batch adsorption Langmuir parameters and rate constants for binding of pure 
antibody and antibody in crude extract to various resins. Percentages given in parentheses 
indicate change between adsorption of pure antibody and Ab in crude extract. 
Resin mg/mL 
corn solids 
Kd (mg/mL 
solution) 
tymax 
(mg/mL 
resin) 
k, 
(mL/mg.min) 
k? 
(min') 
k2/kj 
(mg/mL) 
StrL-
DEAE 
0 0.22 20.1 0.092 0.016 0.186 
StrL-SP 0 0.10 14.2 0.103 0.015 0.145 
UF-SP-st 
0 0.053 -
0.079' 
14.2-
14.6' 
0.181 -
0.193' 
0.012-
0.014' 
0.075 
4.5 0.093 
(+41%) 
15.0 
(+11%) 
0.165 
(-12%) 
0.015 
(+15%) 
0.091 
BioSepra 
0 0.036 13.9 0.283 0.011 0.039 
4.5 0.069 
(+92%) 
0.15.2 
(+9%) 
0.224 
(-21%) 
0.016 
(+45%) 
0.071 
Sigma,SP 0 0.080 34.8 0.184 0.015 0.083 
1 - Represents the range "or two replicates. 
The kinetics of adsorption may override equilibrium consideration for adsorption with 
relatively short residence times (less than 1 h) for binding. As shown in Figure 2, for this 
study the antibody requires nearly 4 h to attain equilibrium. This is not unexpected for 
adsorption of a large biomolecule such as slgA (MW -390 kDa) because the effective 
internal pore diffusion rate decreases with increasing molecular weight (24,37,57,58). 
Similarly, antibody diffusion in solution is reduced, which hinders external (film) mass 
transfer (54,59). Internal pore diffusion is often the rate-limiting step in fluidized bed 
adsorption (37,54), particularly for relatively low viscosity feeds such as the filtered corn 
extract used in this study. 
External mass transfer coefficient ( k / )  and the effective internal pore diffusion 
coefficient (Defj) were estimated for slgA with the various resins evaluated in this study. The 
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Figure 1 : Equilibrium adsorption of antibody to different resins. Points represent 
experimental data and curves represent best fit to Langmuir isotherm. 
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Figure 2: Batch adsorption uptake rates of different resins. Points represent experimental 
data and curves show best fit line to equation 9. 
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film mass transfer coefficient was calculated from an empirical correlation developed by 
Geankoplis (60) for protein adsorption in batch stirred systems: 
c/ a ^ + o  31 
3 
d l M j I , 
(12) 
where d is the resin particle diameter (an average value was used for each EBA adsorbent), p 
and fj. are the solution density (kg/m3) and viscosity (kg m"1 s"1) respectively, Ap is the 
density difference between solution and resin particle, g is the gravitational acceleration 
(m/s2), and D is the solution diffusivity of pure slgA estimated from the semi-empirical 
correlation of Poison based on the Stokes-Einstein equation: 
D - 9.4x10~15 T... (13) 
where Tis the absolute temperature (K) and Mis the protein molecular mass. The internal 
pore diffusion coefficient (De/f) was estimated by fitting uptake rate data to a two-film 
resistance model accounting for film and intraparticle mass transfer (61), along with the 
calculated value of kf, and equilibrium data. Results are tabulated in Table 6. High values 
for the Biot number (Bi=k/R/Deff, where R is the average radius for a resin particle) displayed 
in Table 6 demonstrate that for all resins evaluated here the adsorption process is severely 
limited by internal diffusion of slgA. 
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Table 6: Calculated values for external film mass transfer coefficient, effective internal 
diffusion constant, and Biot number for slgA adsorption with various resins. 
Resin kf (m/s) Dgff (m2/s) Bi (kfR/Dcff) 
StrL DEAE 2.9x10"* 9.3x10"^ 3.1x10" 
StrL SP 2.9x10"» 1.0x10" 2.7x104 
UF SP-st 6.1x10"» 1.7x10'"- 1.8x10"'* 1.7x104-1.8x10* 
BioSepra 6.9x10"» 3.1x10" 7.7x10" 
Sigma SP 2.8x10"» 2.8x10" 4.0x10J 
One solution to mitigate the problem of slow adsorption (for a large protein expected 
to be controlled by internal mass transfer) is the use of smaller, higher-density particles for 
EBA (37,41,42). The effect is seen by comparing the rate constants shown in Table 5 and the 
corresponding uptake rates (Figure 2), as well as the calculated values for A# in Table 6. 
The smaller particles (i.e. Sigma SP-Sepharose, BioSepra CM Hyper-Z, and UpFront SP-
steel) show the fastest adsorption characteristics and corresponding higher internal diffusion 
coefficients. Furthermore, the use of a hyper-diffuse gel matrix, such as that employed with 
the BioSepra adsorbent, enhances internal diffusion and the apparent forward rate constant, 
as has been previously reported (54,62). 
Breakthrough Curve Predictions 
The implications of the different adsorption characteristics (equilibrium and uptake 
rate) observed for the resins evaluated here can be more vividly captured by applying the 
batch adsorption results to a model prediction of breakthrough curves. The model prediction 
and experimental findings for antibody breakthrough from a packed column of StreamLine 
DEAE are shown in Figure 3. While there is initially good agreement between the model 
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and raw data, as more antibody is loaded a discrepancy becomes apparent. This may 
partially be the result of not including an axial dispersion term in the model. A similar 
discrepancy when applying this "lumped parameter" model was noted by Skidmore and co­
workers (52) when the protein size increased from 14 kDa to 68 kDa. They reasoned that the 
larger adsorbate might block the pores of the adsorbent and only bind to the outer shell. 
Thus, the rate of adsorption is severely reduced after an initial loading that is not accounted 
for in the model. It should be noted, however, that good agreement between model and 
experiment was found for a much larger protein (f}-galactosidase, 460 kDa) (57). For 
purposes of this study, because of the high value of the antibody product, we are only 
interested in comparing low levels of breakthrough where the model prediction is sufficiently 
accurate. 
Model 
Experiment 
y 0.5 
0 10 20 30 40 
Column Volumes 
50 60 
Figure 3: Comparison between model prediction and experimental results for breakthrough 
of antibody from packed bed of Streamline DEAE.. Operating conditions for each were 7cm 
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bed height in 1 cm diameter column with 1.2 mL/min flow and antibody feed concentration 
of 0.04 mg/mL. 
Comparison of the model predictions of antibody breakthrough for the different resins 
evaluated here are shown in Figure 4. Several important points can be made regarding these 
results. First, it can be seen that under conditions examined in this study, SP chemistry is 
superior to the DEAE ligand (compare StreamLine SP and StreamLine DEAE, which have 
the same particle size and base matrix). Second, the smaller particles of the UpFront SP-steel 
core resin (compared to StreamLine SP) provides for more favorable conditions, as initial 
breakthrough is delayed and thus allows for more antibody to bind. Third, the use of the 
hyper-diffuse matrix of the BioSepra EBA resin allows for the most desirable breakthrough 
of the EBA adsorbents. Finally, none of the EBA-style resins could provide the same level 
of adsorptive ability as the regular packed bed resin, as all EBA adsorbents exhibited 
relatively early breakthrough. 
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Column Volumes 
Figure 4: Comparison of model predicted breakthrough curves for different resins operated 
in packed bed mode. Conditions for the model were 7 cm resin height, 1 cm diameter 
column with 1.2 mL/min flow rate and antibody feed concentration of 0.04 mg/mL. 
Batch Adsorption of Antibody in Crude Corn Extract 
Evaluation of the adsorption and uptake rate of antibody from crude filtered extract (< 
44 pm corn solids) to be used with EBA was completed for the UpFront SP-steel core resin 
and BioSepra CM Hyper-Z absorbent, as these two EBA adsorbents showed the greatest 
promise based on model predictions. After filtration of the initial crude extract, the spiked 
endosperm extract contained 0.45 dry weight percent solids (4.5 mg dry solids/mL), 
composed of 0.40 mg/mL total protein and 0.042 mg/mL antibody. Results for the 
calculated parameters of the Langmuir model and rate constants in crude extract are shown in 
Table 5. 
These results indicate that the presence of corn solids and other contaminants in the 
crude extract (i.e. native proteins, carbohydrates, lipids, nucleic acids, and phenolics) do have 
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a minor effect on the adsorption of antibody. The small increase in qmax may indicate 
secondary binding of antibody to other components adsorbed to the resin. No loss of 
antibody was found for a spiked sample of antibody in crude filtered extract with no resin 
present, thus indicating no binding of the Ab to corn solids. The increase in Kd and decrease 
in ki show that the adsorption of antibody is slightly slower and weaker in a crude extract. 
When these factors are combined, the breakthrough model now predicts a faster initial 
emergence of antibody during packed-bed adsorption and a slightly steeper breakthrough 
curve (results not shown), which would lead to a lower dynamic binding capacity compared 
to the case of pure antibody. 
The changes in Langmuir parameters are consistent with literature reports. Bai and 
Glatz (24) found that in the presence of 14 mg/mL canola solids, qmax decreased 1% and Kd 
increased 39% for adsorption of (3-glucuronidase to StreamLine DEAE compared to the case 
of a clarified extract. Similarly, 5 mg/mL yeast cells decreased qmax 6% and increased Kd 
150% during adsorption of BSA to a packed bed anion exchange resin, and decreased qmax 
1% and increased Kd 25% for equilibrium binding of a human polyclonal IgG to a packed 
bed resin with Protein A functionality (63). 
Packed Bed Adsorption of Antibody from Clarified Extract 
Figures 5a-c show the packed bed adsorption and elution profiles for the UpFront SP-
steel, BioSepra CM Hyper Z, and Sigma SP-Sepharose FF resins, respectively, while Table 7 
compares the yields and purifications obtained. Figure 5a shows that breakthrough was so 
rapid in the case of the UpFront SP-steel resin that 21% of added antibody was lost during 
loading, which caused the yield for pooled elution fractions to be low at 61%. One 
promising aspect of the UpFront SP-steel adsorbent was that, while it adsorbed the least 
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amount of antibody, it also bound the least amount of native corn endosperm proteins that 
could contaminate eluted fractions. On the other hand, the BioSepra hyper-diffuse resin 
allowed for 73% yield, but its superior adsorption capabilities allowed for the largest amount 
of corn proteins to bind, and thus the purification factor was the lowest of the resins 
evaluated. As expected, based on predicted breakthrough, the resin designed for packed bed 
utilization (SP-Sepharose FF) performed the best. 
For the feed volumes added here (which were maintained at a constant level for each 
resin) breakthrough was not observed for either the BioSepra or SP-Sepharose FF resins. 
Thus, the reported resin utilization percentages shown in Table 7 for the BioSepra and Sigma 
SP-Sepharose could increase if more feed was added in order to reach a higher level of 
breakthrough. It should be noted that the manufactures of the UpFront and BioSepra resins 
produce adsorbents specifically for packed bed, but these were not evaluated here, as it was 
desired to evaluate the same resin in packed and expanded modes (to be discussed below). In 
all packed bed experiments 8-10% of the antibody fed to the unit was left unaccounted for 
after fraction analysis. This may be due to irreversible binding or loss of functionality 
required for detection by sandwich ELISA. 
Table 7: Adsorption and elution results for different resins evaluated in packed and 
expanded bed modes. All experiments utilized the same operating protocol. Total protein in 
the clarified feeds was 0.39 mg/mL (+0.02 mg/mL) and antibody concentration was 
controlled for each experiment at 0.042 mg/mL (10.8% of total protein). Criteria for pooling 
an eluted fraction were >4% yield of antibody with purification factor >1. 
% of Ab % Final 
Mode of Ab Ab Ab Lost % Resin Native Ab% of 
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Resin Operation Yield 
% 
P.F.1 C.F.- During 
Loading 
Utilized"1 Protein 
Not 
Binding 
Total 
Protein 
UF SP-st Packed 
Bed 
61 2.1 1.5 21 3.2% 44 22 
BioSepra Packed 
Bed 
73 1.9 1.4 2 4.0% 20 20 
SP-Seph Packed 
Bed 
75 2.3 1.3 0 4.1% 37 24 
UF SP-st Expand. 
Bed 
60 2.3 5.7 20 3.5% 48 24 
1 - Purification factor (P.P.) refers to the ratio of specific antibody concentration (mg Ab/mg 
total protein) in pooled fractions after elution to the same value in the feed. 
2 - Concentration factor (C.F.) is the ratio of antibody concentration in the pooled fractions 
to that in the feed. 
3 - Resin utilization refers to ratio of bound antibody (assumed to be all that was not lost 
during loading) to the equilibrium capacity. 
10 
•Antibody 
•Tot Protein 
NaCl Gradient 
20 30 40 
Column Volumes 
50 60 
Figure 5a: Packed bed adsorption and elution of antibody from UpFront SP-steel core resin. 
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Figure 5b: Packed bed adsorption and elution of antibody from BioSepra CM Hyper-Z. 
Antibody 
Tot Protein 
Gradient 
Column Volumes 
Figure 5c: Packed bed adsorption and elution of antibody from SP-Sepharose FF. 
160 
Although the purification factors for each resin may appear low (only approximately 
2) the final concentration of antibody in the pooled fractions is actually quite high (antibody 
accounts for up to 24% of all protein). This is a direct consequence of using the com 
endosperm where very few native proteins are soluble (0.39 mg/mL) under the extraction 
conditions employed in this study. Contrast these findings with the required purification 
factors to attain 24% purity if extracting from corn germ or canola, and the results are 
impressively in favor of using endosperm. For instance, Menkhaus et al. (17) found that total 
protein in a corn germ extract (50 mM sodium phosphate, pH 7.0) was 16 mg/mL with an 
extraction ratio of 1 g solids to 4 mL buffer. Assuming the same total amount of antibody 
would be soluble in corn germ extract as was used in the corn endosperm example of this 
study, the antibody concentration would initially be 0.021 mg/mL (or 0.13% of total protein). 
To obtain 24% purity of the antibody would require 184-fold enrichment. Likewise, for a 
canola extract taken at 1 g solids to 10 mL buffer, resulting in 23 mg/mL total protein (21), a 
similar calculation shows that it would require 657-fold purification to reach 24% antibody. 
Expanded Bed Adsorption 
The results for expanded bed adsorption to capture antibody from a filtered crude 
extract with UpFront SP-steel core resin are shown in Figure 6. The corresponding 
efficiency values are displayed in Table 7. The UpFront column was chosen due to ease of 
operation, but the Streamline system with glass beads at the inlet would have also provided 
an acceptable arrangement. The Streamline column with inlet mesh would not have been 
compatible due to clogging during crude feed application. The UpFront steel-core resin was 
employed because it was the only EBA adsorbent capable of providing stable hydrodynamics 
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with a crude corn endosperm extract (Menkhaus and Glatz, in preparation). Although not 
explicitly shown in Figure 6, all corn solids from the feed were successfully eluted and 
accounted for during the wash phase of the process. 
Antibody breakthrough during loading occurs almost instantaneously after initiation 
of the process. Compared to packed bed operation with the same resin, breakthrough begins 
slightly earlier for EBA. This phenomenon has been observed by others (24) and has been 
attributed to an increase in dispersion due to switching to a more viscous feed containing 
solids. It can be seen, however, that as the system re-stabilizes the breakthrough curves for 
each mode of operation coincide. 
Efficiency measures of the EBA operation are virtually identical to those found for packed 
bed mode with the same resin. The increased value for concentration factor is the result of 
using an optimized step elution in place of the gradient elution employed during packed bed 
operation. This is encouraging because elution was completed in expanded mode without 
reduction in flow velocity. Thus, if processing time is not a concern, there is the potential to 
concentrate the elution peak even more by reducing the flow rate. However, the overall 
results are still poor in terms of resin utilization and loss of antibody during loading. The low 
dynamic capacity stems from the slow internal mass transfer characteristics associated with 
this large biomolecule. Similar results have been found for EBA operation with [3-
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galactosidase (460 kDa) (57) and ^-glucuronidase (260 kDa) (24). 
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Figure 6: Expanded bed adsorption and elution of antibody from UpFront SP-steel resin. 
Column volumes are based on volume of settled resin. 
The most immediately available option to mitigate the problem of early breakthrough 
is to increase the settled bed height. For a greater amount of resin available where adsorption 
can occur at the surface of the particle and thus reduce the need for long contact times 
necessary for internal pore diffusion. The result will be the capture of more antibody prior to 
experiencing breakthrough. For a rough comparison, the packed bed model can be utilized to 
estimate the effects of increasing the settled bed height. For the UpFront SP-steel resin to 
reach the same level of slgA binding as the Sigma SP non-EBA style resin at 10% 
breakthrough would require 2.1 times the amount of EBA adsorbent. Increasing the settled 
bed height is also beneficial to the EBA process. This not only increases calculated 
163 
efficiency values describing axial dispersion, but also increase dynamic binding capacity 
normalized to the amount of resin employed. This is primarily due to the fact that toward the 
top of an expanded bed axial dispersion decreases (all inlet jets and/or agitation have 
subsided) and the dynamic capacity of adsorbent particles is elevated (smaller mean particle 
size leading to reduced mass transfer) (33,64). 
The use of resins with more open pore structure, such as 4% cross-linked agarose 
instead of the commonly employed 6%, has also provided some relief to the problem of 
immediate breakthrough when absorbing a relatively large protein (65). However, this resin 
design is not currently commercially available in a style that is compatible with EBA. 
Finally, reducing the flow rate to allow greater contact time may be useful as long as solids 
handling capabilities are not compromised and longer processing times can be tolerated. 
Recovery of many IgGs by EBA with StreamLine Protein A or StreamLine SP has 
had much better results (> 95% yields with dynamic binding capacities > 30 mg/mL 
compared to ~ 60% yields and dynamic binding of -0.6 mg/mL found in this study) 
(36,66,67,68). This is most likely due to the larger contact time (slower flow rates) and 
smaller IgG molecule compared to slgA used in this study. Unfortunately, the StreamLine 
style resins could not be utilized with our corn extracts due to the inability to successfully 
handle the solids present in the feed material (Menkhaus and Glatz, in preparation). 
Process Simulation and Economic Analysis 
Results for the two processing strategies (depicted in Figures 7a and 7b) of either 
conducting a complete clarification followed by packed bed adsorption, or using a partial 
clarification to remove corn solids of > 44pm coupled with EBA, are compared in Table 8. 
The results show only where the two alternatives differ. The findings assume all other cash 
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flow in form of labor, purchasing of process chemicals (each simulation utilizes 
approximately the same total amount of buffer), disposal of solids waste, etc. is relatively 
similar. 
While the total capital costs for each process design are roughly similar at 
approximately $ 1 MM, the annual operating costs associated with the EBA option are 
roughly four times higher. The majority of the higher operating costs come from the need for 
a large amount of expensive resin ($2.1 MM annually). This is a consequence of poor 
binding efficiency for the antibody product to be purified in this example and the need for 
specialized resin particles that cost two times more than their packed bed counterparts. The 
lower capital cost of clarification is for all intents and purposes insignificant when the extract 
must be processed to remove all solids larger than 44 Lim to be compatible with EBA. This 
small reduction in capital cost for clarification with EBA is more than offset by the need for a 
greater number adsorption columns (four for EBA versus three for packed bed because of the 
Crude Extract 
-» # 
Spent Solids 
Filt. Ext. 
Rotary Vacuum Filtration 
Clarif. Ext. 
ST1 /V1 
Tank Storage 
MF /1 Res Solids 
Microfiltration ST/2 
Tank Storage 
CM 1 
-EÎH ® 
-fosW- NaOH 
HUH 
-H5H 
-0OH 
HUH 
—HH <§> 
—mH—NaCl 
—[Ë5H Wash 
Pack Bed Feed 
PB/P1 
Ion Exchange Packed Bed 
È 
165 
Figure 7a: Process flow diagram of packed bed design with complete clarification. 
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Figure 7b: Process diagram of expanded bed adsorption design with partial clarification. 
lower dynamic capacity of the EBA resin), which makes the overall capital cost slightly more 
for the EBA process. Finally, the higher yield and relatively similar overall time for each 
process (27 h for packed bed and 23 h for EBA) provide greater production per year when 
utilizing packed bed adsorption. The purification price per gram shown in Table 8 assumes a 
10 year life for capital with no resale value. 
Table 8: Comparison of processing alternatives for recovery of an antibody from corn 
endosperm extract. 
© 
NaOH 
+4GTT-- P" 
•HsD- r*— 
•HUH I—.—I 
•HE- gm 
•HSU- n 
-HHH JHL 
Wash VU—1 ' | 
EBA1/E1 
Ion Exchange EBA 
Process 
Clarification Adsorption Total 
Capital 
(1000$) 
Total 
Ann. Op. 
(1,000$) 
Ab Prod. 
Rate 
(kg/yr) 
Capital 
(1,000$) 
Ann. Op. 
(1000$) 
Capital 
(1000$) 
Ann. Op. 
(1,000$) 
Complete 
Clarif./ 
Packed 
210 60 760 520 970 580 189 
($3.60/g 
) 
Partial 
Clarif./ 
EBA 
58 13 1100 2,200 1,200 2,200 
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($14.90/ 
8) 
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These results support other reports that have questioned the economic feasibility of EBA 
compared to the traditional processing route. Blank et al. (67) estimated costs of EBA with 
no preclarification of a Chinese hamster ovary culture compared to centrifugation followed 
by packed-bed adsorption. While no specifics of the calculation were given, it was stated 
that the EBA process would cost 2.2 times that of the conventional route. Likewise, Fahrner 
et al. (68) questioned the economics of EBA when utilizing Protein A. In both cases cited 
above, the need for inexpensive, robust, and highly selective EBA resins was given as the 
paramount consideration for the widespread utilization of this technology on industrial 
scales. 
Conclusions 
Different processing schemes have been explored for the recovery of a human 
antibody from corn endosperm extracts by packed-bed and expanded-bed adsorption. Within 
this endeavor, alternatives for the inlet flow distribution device used with EBA have been 
investigated, different resins were characterized (both experimentally and through modeling) 
for their ability to adsorb the target antibody from a pure solution and crude extract, and a 
process simulation/economic analysis to compare a traditional process using complete 
clarification with packed bed adsorption to partial clarification coupled with EBA was 
analyzed. 
For three inlet devices evaluated based on their ability to provide efficient flow 
distribution to an expanded bed column, a perforated plate with a 50-fj.m mesh displayed the 
most proficient arrangement. Glass beads on top of a perforated plate showed intermediate 
results and a magnetic stirring device showed the most amount of axial mixing. However, all 
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systems were capable of providing sufficient flow distribution to assume that back mixing 
would not limit the adsorption process. It was also established that EBA resins with very 
different physical properties (size and density) showed the same efficiency (i.e. number of 
theoretical stages) when operated with the same inlet flow device. 
Equilibrium adsorption (Langmuir isotherm) and uptake rate (kinetic rate constant 
model) for the antibody to different resins were functions of the resin characteristics. 
Physical properties (size), chemical properties (ligand), and construction of the resin 
(properties of the base matrix and presence of dense core for EBA specific resins) all affected 
batch adsorption parameters and the corresponding model prediction of breakthrough from a 
packed bed. Smaller resin particles (especially those lacking a dense core material) 
performed the best. A hyper-diffuse resin made for EBA showed superior adsorption 
performance compared to other EBA resins composed from a 6% agarose matrix. For the 
conditions evaluated here, cation exchange resins outperformed anion exchange resins. 
Finally, the presence of contaminating species in a crude corn endosperm extract (solids, 
native proteins, lipids, etc.) slightly decreased adsorption capability based on model 
predictions for dynamic binding capacity. 
Slow binding of antibody resulted in poor resin utilization during packed and 
expanded bed adsorption. Although overall purification factors were relatively low for an 
adsorption step, the antibody could be purified to 24% of total protein. This was the direct 
result of utilizing corn endosperm as the starting plant tissue, as the initial extract contained 
-80 times less total native protein than a similar extract from corn germ and -600 times less 
than a canola extract. 
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Operation of the expanded bed adsorption system was successful in capturing 
antibody from a crude filtered (to remove all solids > 44 ju,m) extract, with subsequent 
washing out of all remaining solids, but resin utilization and yield were poor. This poor 
result may be mitigated to some degree by use of a larger settled bed height or resin with a 
more open pore structure to facilitate adsorption of this relatively large protein. Compared to 
the packed-bed adsorption process, a simulation and accompanying economic analysis 
proved that operating costs associated with EBA were four times greater, with nearly equal 
capital expenditures. 
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CHAPTER 6. GENERAL CONCLUSIONS 
Strategies to optimize the recovery of recombinant proteins from plant hosts have 
been investigated. The use of different crops, different product molecules, and different 
separation techniques were studied to suggest modes of operation that reduce the overall 
processing cost for obtaining purified recombinant proteins from plants. 
Purification of a recombinant protein from plants begins with the transformation of 
the crop, as host selection offers the opportunity to simplify recovery of the product. 
Polyelectrolyte precipitation of (3-glucuronidase (GUS) with polyethyleneimine (PEI) from 
extracts of canola, corn germ, soy, and pea showed different levels of performance. 
Precipitation from canola required the least amount of PEI and was capable of providing the 
highest enrichment (18-fold) of the four plant systems. In contrast, GUS was recovered from 
corn with a 2.6-fold purification factor and required seven times more PEI to precipitate. 
Soy and pea, which have native proteins with similar physicochemical properties, allowed for 
an enrichment of only approximately 1.3-fold with an intermediate dosage of PEI. Genetic 
engineering of GUS, in the form of increased negative charge density, did not improve 
performance of any systems evaluated. These results suggest that for ease of purification by 
PEI precipitation (and likely other charged based separations), the matrix components 
(proteins, carbohydrates, phenolics, etc.) of canola are most suited for GUS (and likely other 
proteins with isoelectric point < 7). On the other hand, soy and pea are not compatible, but 
would be advantageous as hosts for a basic (isoelectric point > 7) target protein. Similarly, 
GUS, being a relatively large protein (-270 kDa) was difficult to isolate from pea by 
ultrafiltration, as 85% of the native proteins were retained by a 100-kDa membrane. A 
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smaller recombinant protein may be easily purified by a size-based separation technique from 
pea (and likely soy). Furthermore, genetically engineering GUS with a polyhistidine tail 
allowed for a nearly complete purification from a pea extract in one step with immobilized 
metal affinity chromatography. This offers the potential to easily purify any recombinant 
protein from pea by addition of a polyhistidine fusion. 
A general methodology was developed for implementing and optimizing expanded 
bed adsorption (EBA) for recovery of recombinant proteins from a crude plant by 
considering different combinations of column inlet design, resin, operating conditions, and 
crude feed properties. For a corn endosperm extract, an inlet mesh (50 p.m or 80 p,m) was 
the most restrictive for EBA operation, as a crude extract with small corn endosperm solids 
<44 pm clogged the inlet. At the other extreme, mechanical mixing at the inlet allowed all 
crude feeds (with up to 550-p.m solids) to enter the column without disruption of flow. Glass 
beads acting as an inlet flow distribution mechanism were capable of handling large solids 
(550 fim) only if the superficial flow velocity was elevated above 550 cm/h; slower 
superficial flow rates (below 180 cm/h) resulted in clogging for a feed containing only small 
corn solids (< 44 pm). Residence time distribution analyses showed that all inlet designs 
provided efficient flow distribution to ensure that back mixing should not limit the adsorption 
process. 
Resins with different physical properties (size and density ranges) and chemical 
properties (derivitization) affected the clarification and adsorption performance of the 
process. Adsorbents with higher density (manufactured by UpFront Chromatography and 
BioSepra), capable of operating at relatively elevated superficial flow velocities (>450 cm/h), 
were compatible with larger com solids such that all solids could be successfully eluted 
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during loading and washing. Thus, EBA processes utilizing these resins would require less 
pre-EBA processing of the crude feed, in the form of clarification, to allow for successful 
operation. However, the chemistry of the resin ultimately dictated what size of corn 
endosperm solids could be eluted. Both cation and anion exchange interacted with solids. 
EBA application with DEAE and SP resins capable of operating at higher flow velocities 
(higher density resins) were not affected by solids of < 44 (j.m. However, processes 
employing Streamline resins (from Amersham Biosciences), requiring a lower superficial 
velocity (180 cm/h), could not completely elute solids of < 44 (um. At the same time, a 
hyperdiffuse style cation exchange (CM) resin from BioSepra, operating at 450 cm/h, 
experienced severe interactions with all corn solids resulting in collapse of the expanded bed. 
These results show that a crude com endosperm extract is not as compatible with ion-
exchange EBA as a canola extract, which did not interact with DEAE resin and required that 
solids of > 50 (im be removed prior to feeding the EBA unit. An extract from com germ may 
be less restrictive than corn endosperm due to a lower solids density, but chemical 
interactions with different resins have not been evaluated. 
The large size (390 kDa) of the target antibody resulted in extreme internal diffusion 
limitations during adsorption. Smaller resin particles allowed for enhanced uptake rates of 
the protein, but breakthrough performance was poor for all resins evaluated. A process 
simulation and accompanying economic analysis for recovery of the antibody showed that 
complete clarification of the corn endosperm extract, followed by packed bed operation, 
would require approximately the same capital expenditure as the EBA process. However, the 
packed-bed mode would require roughly four times less operating expenditure. This was 
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because the EBA process still required extensive pre-EBA clarification (to remove solids > 
44 (o.m) and expensive specialty resins for proper operation. 
